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Summary
The region of  West  Bohemia/Vogtland in the Czech–German border area is  well
known for  the  repeated occurrence  of  earthquake swarms,  CO2 emanations  and
mofette fields. To deepen the understanding of these phenomena local earthquake
tomography of the Vp and Vp/Vs structure and attenuation tomography are carried
out in this study. 
In comparison with previous investigations the travel time tomography revealed
more  details  of  the  near-surface  geology,  potential  fluid  pathways  and  features
around and below the swarm focal zone. In the uppermost crust, for the first time
the Cheb basin and the Bublák/Hartoušov mofette fields were imaged as distinct
anomalies of Vp and Vp/Vs. The well-pronounced low-Vp anomaly of the Cheb basin
is not continuing into the Eger rift indicating a particular role of the basin within
the rift system. A steep channel of increased Vp/Vs is interpreted as the pathway for
fluids ascending from the earthquake swarm focal zone up to the Bublák/Hartoušov
mofette fields. As a new feature, a mid-crustal body of high Vp and increased Vp/Vs
is  revealed  just  below  and  north  of  the  earthquake  swarm  focal  zone.  It  may
represent a solidified intrusive body which emplaced prior or during the formation
of the rift  system. The enhanced fluid flow into the focal zone and triggering of
earthquakes could be driven by the presence of the intrusive body if cooling is not
fully completed. The assumed intrusive structure is considered as a heterogeneity
leading to higher stress particularly at the junction of the rift system with the basin
and prominent fault structures. This may additionally contribute to the triggering
of earthquakes.
The three-dimensional (3-D)  P-wave attenuation (Qp) model for West Bohemia is
the first of its kind. Path-averaged attenuation t * is calculated from amplitude
spectra of time windows around the P-wave arrivals of local earthquakes. Average
value or Qp for stations close to Nový Kostel are very low (< 150) compared to that
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of stations located further away from the focal zone (increases up to 500 within 80
km distance). The SIMUL2000 tomography scheme is used to invert the t * for P-
wave attenuation perturbation. Analysis of resolution shows that the model is well-
resolved in the vicinity of earthquake swarm hypocenters. The prominent features
of the model are located around  Nový Kostel focal zone and its northern vicinity.
Beneath Nový Kostel a vertically stretched (down to depth of 11 km) and a highly
attenuating body is observed. This might be due to fracturing and high density of
cracks inside the weak earthquake swarm zone in conjunction with presence of free
gas/fluid. Further north of  Nový  Kostel two high attenuating body are located at
depths between 2 to 8 km which can represents trapped laterally distributed fluids.
The eastern anomaly shows a good correlation with the fluid accumulation area
which was suggested in 9HR seismic profile.
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Zusammenfassung
Die  Region  West-Böhmen/Vogtland  im  deutsch-tschechischen  Grenzgebiet  ist
bekannt für das wiederholte Auftreten von Erdbebenschwärmen, Freisetzung von
CO2 und  der  Existenz  von  Mofettenfeldern.  Um  diese  Phänomene  besser  zu
verstehen wurde eine Lokalbebentomographie der Vp- und Vp/Vs-Struktur und eine
Dämpfungstomographie durchgeführt.
Im Vergleich mit früheren Untersuchungen zeigte die Laufzeittomographie mehr
Einzelheiten der oberflächennahen Geologie, potenzielle Fluidpfade und Anomalien
in der Umgebung und unterhalb der Schwarmbeben-Hypozentren. In der obersten
Kruste  konnten  zum  ersten  Mal  das  Egerbecken  und  die  Bublák/Hartoušov
Mofettenfelder  als  klare  Anomalien  von  Vp  und  Vp/Vs  abgebildet  werden.  Die
ausgeprägte Niedriggeschwindigkeitsanomalie des Egerbeckens setzt sich nicht in
den  Egergraben  fort  und  gibt  damit  einen  Hinweis  auf  die  spezielle  Rolle  des
Beckens  innerhalb  des  Grabensystems.  Ein  steiler  Kanal  mit  erhöhten  Vp/Vs-
Werten wird als  Fluidaufstiegspfad von den Schwarmbeben-Hypozentren zu den
Bublák/Hartoušov  Mofettenfeldern  interpretiert.  Als  neues  Feature  wurde  ein
Körper in der Mittelkruste mit hohem Vp und erhöhtem Vp/Vs direkt unterhalb
und  nördlich  der  Hypozentralzone  gefunden.  Er  repräsentiert  eventuell  einen
verfestigten Intrusivkörper, der vor oder während der Bildung des Grabensystems
eingedrungen ist. Der erhöhte Fluidfluss in das Herdgebiet und die Triggerung von
Erdbeben  könnten  durch  den  Intrusivkörper  angetrieben  worden  sein.  Die
Intrusivstruktur  wird  als  eine  Heterogenität  angesehen,  die  zu  einer
Spannungserhöhung speziell an der Verbindungsstelle des Grabensystems mit dem
Becken und mit prominenten Schwächezonen führt. Diese kann einen zusätzlichen
Beitrag zur Triggerung der Erdbebeben liefern.
Zum  ersten  Mal  wird  ein  dreidimensionales  (3-D)  Modell  für  die  P-Wellen-
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Dämpfung  (Qp)  in  Westböhmen  präsentiert.  Die  strahlweggemittelte
Dämpfung t * wird  aus  den  Amplitudenspektren  für  Zeitfenster  um  den  P-
Welleneinsatz  lokaler Erdbeben berechnet. Die Mittelwerte für Qp an Stationen in
der Nähe von Nový Kostel sind sehr niedrig (<150) im Vergleich zu Stationen in
größerer Entfernung vom Herdgebiet (Anstieg bis 500 in 80 km Entfernung). Mit
Hilfe  des  SIMUL2000  Tomographiealgorithmus  werden  die t * -Werte  für  die
Perturbation der P-Wellendämpfung invertiert. Eine Auflösungsanalyse zeigt, dass
das Modell in der Umgebung der Schwarmbebenhypozentren gut aufgelöst ist. Die
Hauptanomalien des Modells liegen in der Nähe des Nový Kostel Herdgebietes und
unmittelbar nördlich davon. Unter Nový Kostel wird ein vertikal (bis zu einer Tiefe
von 11 km)  ausgedehnter Körper mit hoher Dämpfung beobachtet. Dies kann auf
eine hohe Dichte von Rissen innerhalb der Schwächezone des Hypozentralgebietes
in  Verbindung  mit  dem  Auftreten  von  Gasen/Fluiden  zurückzuführen  sein.
Nördlich von Nový Kostel wurden zwei stark dämpfende Körper in Tiefen zwischen
2 und 8 km lokalisiert, die eingeschlossene lateral verteilte Fluide repräsentieren
können. 
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Chapter 1
Introduction
1.1. Motivation and goals
The region of West Bohemia/Vogtland which is covering an area about 6750 km2
located at the German-Czech border is known for its geodynamical activities like
repeated occurrence of earthquake swarms (eg. Horálek & Fischer 2008), presence
of mantle derived CO2 and He (Geissler et al. 2005; Weinlich et al. 1999; Bräuer et
al. 2004), increased heat flow (Čermák  et al. 1996), gas vents, mofettes (dry and
wet gas outbursts),  mineral waters, geothermal springs (Heinicke & Koch 2000;
Weise et al. 2001), Quaternary volcanoes (Wagner et al. 2002) and negative gravity
anomaly (Švancara et al. 2000, 2008). These observations indicate a high potential
of  current  and  future  dynamic  activities.  At  present,  there  is  no  complete
explanation  for  concentration  of  such  diverse  geodynamical  phenomena  in  this
small area. 
One  of  the  most  significant  features  in  West  Bohemia  is  the  periodical  re-
occurrence  of  earthquake  swarms in  an  intra-continental  region  (Fischer  et  al.
2014).  Ongoing  magmatic  processes  (with  related transport  of  fluids)  and  their
interplay  with  tectonic  structures  is  regarded  as  a  responsible  scenario  of
1
CHAPTER 1.
seismicity in West Bohemia. The swarm seismicity concentrates at the conjunction
of  the  Eger  Rift  (post-Variscan  structures)  and  the  Cheb  basin,  where  also
prominent faults are running parallel to the swarms epicenters (e.g. Horálek et al.
1996; Bankwitz  et al. 2003; Fischer  et al. 2014). The possible role of fluids in the
generation  of  earthquake  swarms  has  been  investigated  by  several  authors
(Weinlich et al. 1998; Heinicke & Koch 2000; Weise et al. 2001; Bräuer et al. 2005;
Bräuer  et al. 2009; Kämpf  et al. 2013). Magmatic source regions for these fluids
were suggested to be located within the deeper crust around the Moho (Špičák &
Horálek  2001;  Weise  et  al. 2001)  and  the  upper  mantle  (Bräuer  et  al. 2003;
Hofmann 2003; Geissler et al. 2005; Heuer et al. 2006; Heuer et al. 2011).
To investigate the crustal structure of West Bohemia some recent studies delivered
images of Vp and Vp/Vs using various data sets and different traveltime inversion
techniques (Růžek & Horálek 2013; Alexandrakis  et  al. 2014).  Růžek & Horálek
(2013) derived the first 3-D velocity models of the upper crust in West Bohemia from
independent inversions for Vp and Vs. Alexandrakis  et al. (2014) applied double-
difference tomography technique (Zhang & Thurber 2003) to the swarms of 2008
and  determined  the  relative  perturbations  of  Vp  and  Vp/Vs  anomalies  with
optimized hypocenter locations.
This study is part of a project called “Spatial and temporal seismic imaging of fluid
migration through the crust in the W-Bohemia/Vogtland earthquake swarm area”
funded by German research foundation (DFG). The objectives of this study are:
1.  Obtain seismic velocity structure.
2.  Obtain seismic attenuation structure.
The  next  two  sections  of  this  chapter  provide  a  description  of  geological  and
geodynamical features of West Bohemia with a literature review of previous studies.
In chapter 2, the temporary and permanent networks used in this study and the
procedure of picking the P- and S-arrivals are discussed in detail. In chapter 3, the
2
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theory  of  optimizing  a  1-D velocity  model  is  explained  in  simple  terms  and an
optimum 1-D model for West Bohemia is obtained. In chapter 4, the travel time
tomography method for imaging 3-D P-wave velocity (Vp) and P-wave to S-wave
ratio (Vp/Vs) is discussed and results are presented and interpreted. Conclusions
and figures of chapters 3 and 4 in this dissertation have already been published
(Mousavi  et al.  2015). Chapter 5, presents  3-D crustal structure derived from the
attenuation  tomography  based on t * (path average attenuation)  inversion.  The
results of chapter 5 is submitted in Tectonophysics. In Chapter 7, I conclude and
summarize the results of this study.
1.2. Geology and geodynamic settings of 
West Bohemia
1.2.1 Regional settings
The Bohemian Massif,  one of  the largest coherent surface exposure of  basement
rocks in Central and Western Europe,  was created during the Variscan orogeny
(Matte  et  al. 1990).  It  forms  the  easternmost  rim of  the  Variscan  belt  while  a
Paleozoic chain continues from southern Iberia to the Bohemian Massif in Central
Europe. The Bohemian Massif was formed between 500 and 250 Ma (Fig. 1.1), due
to closure of  different ocean basins followed by collision of  two main continents,
Laurentia-Baltica-Avalonia and Gondwana. Between these two continents, several
microplates which were divided by oceanic basins,  congregated again during the
early  Palaeozoic.  Two main microplates were defined as Avalonia and Armorica
(Matte 1991;  Franke 2000)  with the  Rheic  ocean situated between them (Matte
2001). The closure of Rheic ocean led to collision of Avalonia and Armorica with
Gondwana  and  consequently  formation  of  Variscan  orogen.  The  later  stages  of
collisional process followed by vast intrusions of granites in late Carboniferous to
Permian volcanism. The Variscan orogens had been leveled down by erosion in late
3
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Carboniferous  times,  and  then  subsequently  were  covered  by  Permo-Mesozoic
sediments.
Fig. 1.1 : Tectonic sketch map of the northern Variscan Belt and adjacent area. The
yellow circle shows the location of Bohemian Massif (modified after Shomali et al.
2006).
In  Bohemian  Massif,  during  Cenozoic  extension  Variscan  shear  zones  were
reactivated. Eger Rift evolved as the result of extensional slip reactivation along
this shear zone (Fig. 1.2).
Willner et al. (2002) pointed out a thin lithosphere beneath Bohemian Massif. They
argued that large volume of crustal rooted rocks were stacked in layers after closure
of  the  oceans  and  completed  the  detachment  of  the  lithospheric  mantle.  The
weakening of Variscan orogeny root was explained by Schott and Schmeling (1998)
that  subduction  of  the  Rheic  ocean  between  Avalonia  and  Gondwana  in  pre-
Variscan time could have led to delamination and detachment of the lithospheric
root. The studies of deep structure of the European Variscan crust revealed that the
pre-Permian thrusts outcropping at the surface are rooted either in the lower crust
or  in  the  mantle  (Meissner  and  Wever  1986).  Seismic  anisotropy  in  the  upper
mantle (Plomerová et al. 1998; Babuška and Plomerová 2001; Plomerová et al. 2005)
provided evidence for the dipping palaeo-subduction zone. Detailed explanation of
4
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the geological evolution in the Bohemian Massif can be found, e.g. in Vrána and
Štětrá (1997) and Franke et al. (2000).
Fig. 1.2 : Schematic tectonic-geological sketch of the Bohemian Massif units and its
setting within Europe. The major tectonic units (micro-plates): Saxothuringia (ST),
Moldanubian  (MD)  and  Teplá-Barrandian  (TB)  are  shown.  Triangles  show  the
locations  of  seismological  observatories  and  temporary  stations  operated  in  the
region during 1992–2010 within several passive seismic experiments.  Red-dashed
lines are indicating N–S striking seismo-tectonic structure of  Regensburg-Leipzig-
Rostock Zone (modified after Babuška and Plomerová 2013).
The West Bohemia/Vogtland represents a region in the western part of Bohemian
Massif. It is one of the neotectonically most active regions of Central Europe. The
western part of the Bohemian Massif covers the boundaries between three first-
order Variscan tectonometamorphic units (Franke 2000): the Saxothuringian in the
north-west, the Teplá-Barrandian in the central region, and the Moldanubian in the
south-east (Fig. 1.2). The Moldanubian unit is the main crystalline segment in the
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Bohemian  Massif.  The  boundary  between  Moldanubian  and  Saxothuringian  is
considered to be a suture type discontinuity. The Teplá-Barrandian is structurally a
higher  unit  thrusted  over  Saxothuringian  toward  NW.  In  the  SE  it  has  been
thrusted in southerly direction over the Moldanubian.
Concerning  seismicity,  West  Bohemia  is  categorized  as  a  part  of  Regensburg-
Leipzig-Rostock seismoactive zone (Bankwitz  et al. 2003) marked with red dashed
lines in Fig. 1.2. It strikes N–S and consists of a set of subparallel faults between
Cheb and Leipzig which is detected partly in satellite images and from negative
geomorphological forms (Krentz et al. 1996; Krull and Schmidt 1990). 
1.2.2 Tectonic structures
Eger  Rift,  Quaternary  volcanoes,  Cheb  basin,  Počátky–Plesná  zone  (PPZ)  and
Mariánské  Lázně  fault  zone  (MLF)  are  the  main  geological  features  in  West
Bohemia (Fig. 1.3). 
Eger  Rift  is  a  tectonomagmatic  active  element  of  the  European  Cenozoic  Rift
System. It is a NE-SW striking structure, 300 km long and 50 km wide (Prodehl et
al. 1995) with predominantly vertical movements (Kopecký 1978). The Eger Rift is
identified as a system of Cenozoic sedimentary basins and reactivates the Variscan
Saxothuringian-Moldanubian suture zone. It is characterized by intense intraplate
alkaline volcanism (Ulrych et al. 2011). The tectonomagmatic evolution of Eger Rift
consists  of  different  phases  (e.g.  Ulrych  and Pivec  1997;  Špičáková  et  al. 2000;
Bräuer  et al. 2005). Graben formation and intraplate alkaline volcanism  between
42–9  Ma  is  the  primary  rifting  phase  followed  by Miocene  sedimentation  and
several  basaltic  flows.  The main volcanic  activity of  Eger  Rift  took place in the
Tertiary and with a low intensity in the Quaternary (Wagner et al. 2002). 
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Fig. 1.3 : Topographic map of North-West Bohemia. Location of major tectonic units
of West Bohemia; MLF (Mariánské Lázně Fault), PPZ (Počátky–Plesná zone), Cheb
basin and Eger Rift are shown. Gray stars represent mofettes and mineral spring
locations.  Red triangles  denote  Quaternary  volcanoes  Komorni  Hurka (K.H)  and
Zelezna Hurka (Z.H) and Mýtina Maar (M.M). Nový Kostel the center of earthquake
swarms is shown by orange circle. Main mofette fields inside Cheb basin including
Hartoušov mofette (Hart.) and Bublák mofette (Bub.) and Soos are marked by red
stars.
Cheb basin, the youngest geological feature in NW Bohemia, was formed in the late
Tertiary and Quaternary. Debris of post-Oligocene sedimentary rocks of the North-
Western Bohemian Massif  filled the Cheb basin up to 400 m (Fiala and Vejnar
2004).  This  basin developed at  the  junction of  Eger  Rift  and MLF zone (Dudek
1986). It was set up by reactivation of basement faults and apparently its position
has been controlled by the Regensburg-Leipzig-Rostock zone (Bankwitz et al. 2003).
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Currently there is an active rifting process and evolving magmatic activity under
the  Cheb  basin  in  the  uppermost  part  of  the  mantle,  accompanied  by  CO2
emanations at the surface (Bräuer et al. 2005, 2008, 2009).
Mariánské  Lázně  Fault (MLF) is morphologically expressed by a 50–400 m high
escarpment, bounding the eastern edge of the Cheb basin. The NNW-SSE trending
MLF intersects the main seismoactive zone of Nový Kostel. Pitra (1999) showed that
the fault zone originated in late-Variscan (380–300 Ma) as a normal fault with a
right lateral strike slip component. Cheb basin is formed due to normal component
of MLF during late Eocene until Pliocene (Špičáková et al. 2000).
Počátky–Plesná zone (PPZ) shown in Fig. 1.3 is another active fault system trending
N–S (Bankwitz et al. 2003) with a strike of about 170°. PPZ, outlined by the valley
of the Plesná river, is associated with the hypocenters of earthquakes in the Nový
Kostel area (Fischer et al. 2010). According to a study of Peterek et al. (2011) PPZ is
a sinistral wrench zone. 
Quaternary  volcanoes  Komorni  Hurka  (K.H)  and  Zelezna  Hurka  (Z.H)  and  a
recently discovered volcano Mýtina (M.M) are located close to Cheb basin (Fig. 1.3)
(Babuška & Plomerová 2008). The volcanism in West Bohemia was of olivine and
nephelinite olivine type (Kopecky 1978). Detailed descriptions of Cenozoic volcanism
in Western and Central Europe can be found in Wilson and Downes (1991) and for
the Western Bohemian Massif  by Ulrych  et  al. (2003).  Different methods of  age
determination have shown the Quaternary volcanic activities near the Cheb basin
occurred in the mid-Pleistocene 0.78–0.12 Ma ago (Mrlina et al. 2007; Ulrych et al.
2003; Wagner  et al. 2002). Vylita  et al. (2007) applied the U234 / TH230 method to
the  travertine  samples.  They  presented  evidence  for  the  existence  of  magmatic
reservoirs beneath West Bohemia by magmatic CO2 escape dates back to about 0.23
Ma.
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1.3. Seismicity
1.3.1 Earthquake swarms
Earthquake swarms refer  to  sequences  of  earthquakes  that  cluster  in  time and
space  where  there  is  no  single  dominant  main  event  (Yamashita  1998).  An
important  distinct  characteristic  of  swarms  is  that  they  occur  repeatedly  at  a
particular  location.  Compared  to  aftershock  sequences  at  plate  boundaries,
earthquake swarms have a larger b-value of magnitude-frequency distribution (Lay
and Wallace 1995). According to the area of occurrence, earthquake swarms can be
categorized in two major groups: intraplate and plate margin earthquake swarms
(Press and Siever 2001). Most of the intraplate earthquake swarm regions in the
world are connected to Quaternary or active volcanism, like French Massif Central,
Central  Italy with the  Apennines,  Arkansas,  Danville  (California)  and the Long
Valley Caldera (California). Intraplate earthquake swarms without active volcanism
occur in continental rifts like West Bohemia, Rio Grande and Kenya (Ibs-von Seht
et al. 2008). Earthquake swarms in intraplate areas are mostly related to fluid or
magma transport in the crust. For example a strong relation between earthquake
swarms and fluid migration in Mt. Ruapehu, New Zealand has been observed by
Hurst and McGinty (1999). The occurrence of earthquake swarms in these locations
is  restricted to weak zones which allow intrusion of  upper mantle material  into
crustal layers. As documented in Kurz et al. (2004), in both intraplate regions and
plate margins, fluids play an important role in generation of earthquake swarms.
Moreover  generation  of  earthquake  swarms  by  volcanic  fluids  and  non-volcanic
fluids (e.g. water) has the same mechanism. 
West Bohemia is an intraplate region with earthquake swarms activities of mostly
M L <  4  earthquakes. The  German  term  “Erdbebenschwarm”  (“Earthquake
swarm”) was proposed for the first time in this region for the earthquakes in 1875
by Credner (1876). Earthquake swarm activities in this area have been reported for
more than a century: 1897, 1900, 1903, 1908, 1962, 1985/1986, 1994, 1997 and 2000
(Neunhöfer and Güth 1988; Špičák and Horálek 2001). In the last decade most of
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the seismic energy has been released in three intensive swarm activities in 2008,
2011 and 2014. The time length of  each earthquake swarm in West Bohemia is
highly variable. It lasts from a few hours to few month and the average time gap
between two successive earthquake swarms may reach several years (Špičák and
Horálek  2001).  Over  the  last  20  years  the  majority  of  earthquake  swarms  has
occurred in Nový Kostel focal zone, a narrow NNW striking belt of about 12 × 2 km,
in the intersection of two main fault zones,  Mariánské Lázně Fault Zone and the
PPZ. Hypocenters of swarms in Nový Kostel are clustered at depths from 6 to 13 km
on a near vertical fault plane with a complicated geometry (Fischer 2014).
Spatial  and temporal  analysis  of  hypocenters distribution shows that focal  zone
location changes from one swarm to another as well as during one swarm period
(Horálek and Fischer 2008). As shown in Fig. 1.4 hypocenters of earthquake swarms
migrated with reactivation of previously ruptured parts on a single fault (Fischer et
al. 2014).
Kurz  et al. (2004) calculated the stress field in West Bohemia and concluded that
the  impact  of  fluid  controlled  processes  in  generation  of  earthquake  swarms  is
higher than that of the stress field of the area. The theoretical models have shown
that  fluid  flow  in  seismically  active  faults  is  a  crucial  factor  in  controlling
earthquake sequences (eg. Yamashita 1999). 
Kurz  et  al. (2004)  linked the earthquake swarm occurrence to crustal magmatic
activity and related fluids. The progressive increase of gas-isotopes ratio in Cheb
basin indicates that there is a hidden magmatic activity in eastern side of Cheb
basin which causes earthquake swarms in Nový  Kostel  focal zone (Bräuer  et  al.
2005, 2008, 2009). 
In summary, the main cause of earthquake swarms generation in West Bohemia is
associated  with  combined  effects  of  tectonic  stress,  fluid  migration,  magmatic
activity and crustal as well  as mantle derived  fluids (e.g.  Weinlich  et  al. 1999;
Špičák et al. 1999; Parotidis et al. 2003, 2005; Bräuer et al. 2003, 2005; Geissler et
al. 2005).
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Fig. 1.4 : Four main swarm activities in 1997, 2000, 2008 and 2011. Top of each
panel shows swarm activities according to magnitude and time. Bottom of panels
illustrate fault plane view. Events are colored with respect of time from blue to red.
Spatial relation can be seen clearly in swarm 2008 and 2011, where each swarm
starts at the bottom of the fault and continues toward top of the fault. Moreover, each
swarm (2000, 2008 and 2011) starts from the location where the previous one has
been terminated. Arrows show the direction of earthquakes generation. After Fischer
et al. (2014).
1.3.2 Focal mechanisms
For more than a decade, several studies have focused on source mechanisms of the
swarms in West Bohemia. Wirth et al. (2000), Vavryčuk (2002), and Plenefisch and
Klinge (2003) determined the local stress field using the recorded focal mechanisms.
They showed that orientation of stress regime in the focal area has a horizontal SE–
NW direction of compressive stress which is similar to the stress regime in Central
11
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Europe. Vavryčuk (2011) studied focal mechanism of some events of 2008 swarm
whose magnitudes are between 1.7 and 3.7. The analysis showed that there are two
dominant focal mechanism with strike of 169° and 304°. Generally, focal solution of
the majority of earthquakes in Nový Kostel zone have strikes in the range of 165–
180°  which  coinciding  with  the  N–S  direction  of  the  PPZ.  Several  studies  (eg.
Vavryčuk  (2002),  (2011b)  and  Horálek  and  Šílený  (2013))  investigated  the
percentage of double-couple and non-double couple components of the full moment
tensors for selected earthquakes of the 1997, 2000, and 2008 swarms. Horálek and
Šílený (2013), concluded the shear movements to be dominant in the 2000 swarm
(Fig.  1.6).  However,  several  authors  including  the  mentioned  one,  revealed  the
presence  of  isotropic  component  in  moment  tensor  of  some  of  the  earthquakes
(Dahm et al. 2000; Vavryčuk 2011; Vavryčuk et al. 2013) during the 1997, 2000 and
2008 swarms.
Vavryčuk  (2002)  showed  that  percentage  of  non-double-couple  components  in
moment tensors varies in different period of swarms and seems to be independent of
earthquake magnitude. For example, in 2000 swarm, non-double-couple components
exist for 20 to 40 % of events (Plenefisch and Klinge 2003).
The presence of isotropic components in the moment tensor of earthquake swarms
in  Nový  Kostel  whose  percentage  seems  to  be  independent  of  earthquake
magnitude, can be explained by high pore pressure due to the presence of fluids in
the focal zone (e.g. Hainzl et al. 2012; Dahm et al. 2008). High pressure fluids under
the fault change the effective stress pattern in the region (Parotidis et al. 2003) and
consequently influence the rupture mechanism of earthquakes with simultaneous
shear-tensile dislocation (Vavryčuk 2011).
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Fig.  1.5  : Schematic  illustration  of  topography  of  West  Bohemia,  Mofettes  (blue
circles  with  small  outward  arrows),  Quaternary  volcanos  (brown  triangles)  and
Nový  Kostel are shown on the top. Earthquake swarms are shown with tiny filled
cubes and the probable paths of mantle originated CO2 sketched as long blue arrows
(after Fischer et al. 2014).
1.3.3 Fluid observations and CO2 emanations
There are numerous mofettes and mineral springs rich in CO2 and He isotopes in
West Bohemia (Fig.  1.3).  The highest  gas flux in West Bohemia occurs in Cheb
basin.  Most  of  the  moffetes  and  mineral  springs  are  located  at  the  junction  of
tectonic faults (Bankwitz et al. 2003). At present Cheb basin and MLF are the main
centers of gas escape (Weinlich et al. 1999).
Fluid transport velocity in the upper crust is changing from one location to another.
For example the highest fluid transport velocity is 400 m/day for Cheb basin which
is located in the center of CO2 emanation and the lowest is 50 m/day at Eisenquelle
mineral spring at the periphery of the degassing area (Bräuer et al. 2003).
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Geochemical  studies  suggest  that  there  is  a  connection  between  fluid  flow  and
earthquake swarms in West Bohemia (Fig. 1.5), since the fluids emanated at the
surface have mantle origin (Weinlich et al. 1993; Weinlich et al. 1999; Weise et al.
2001; Parotidis et al. 2003; Bräuer et al. 2003, 2004). After swarm in 1994, Weise et
al. (2001) found a change in the isotopic ratio of He, and C in CO2 at the Eisenquelle
in Bad Brambach (BB). Bräuer  et al. (2003) and Bräuer  et al. (2005) estimated a
depth of 25 to 40 km as the location of intrusion level for alkaline melts.
Koch and Heinicke (2003) indicated a connection between mantle derived fluid rate
and the earthquake swarm activity in 2000. Based on the analysis of mantle derived
CO2 and gas flux in Cheb basin Weinlich et al. (1999) postulated a magmatic body in
the subcontinental mantle. 
Fig. 1.6 : Two vertical cross-sections through swarm earthquake in Nový  Kostel.
Earthquake swarms are color coded in the figure. Displayed focal mechanisms are
the typical solution in each swarm period. Only events with magnitude larger than
0.5 are shown by circles and size of circles indicates the magnitude. (Figure is taken
from Dahm et al. 2013).
14
INTRODUCTION
1.3.4  Studies of seismic structure
The concentration of different geodynamical activities in West Bohemia is subject to
intensive  research  on  crustal  and  upper  mantle  structure.  For  about  15  years,
several active and passive seismic studies were carried out in this area. The active
seismic  experiments  are  the  seismic  refraction  and  wide-angle  reflection  profile
GRANU’95 (Enderle et al. 1998), deep reflection profiles 9HR and MVE 90 as part of
the DEKORP investigation (DEKORP Research Group 1994; Enderle  et al. 1998;
Bleibinhaus et al. 2003; Tomek et al. 1997), CEL09 profile of CELEBRATION 2000
(Central European Lithospheric Experiment Based on Refraction) (Hrubcová  et al.
2005),  ALP01  profile  of  ALP  2002  (Brückl  et  al. 2007)  and  S01  profile  from
SUDETES 2003 (Grad et al. 2008). Some of these reflection and refraction seismic
experiments  were  related  to  the  German  Deep  Drilling  Project  “Kontinentale
Tiefbohrung”  (KTB)  (Emmermann  and  Lauterjung  1997).  The  important  and
significant structures found in some of these profiles and other seismic studies for
this region are explained below. 
Several authors studied upper crustal structure in West Bohemia using different
methods.  Rayleigh  wave  tomography  was  carried  out  by  Kolinsky  & Brokesova
(2008)  using  SUDETES  2003  dataset.  They  computed  2-D  group  velocity
distribution maps of West Bohemia for eight different periods (0.25-2 s) which only
covers very shallow depths. 1-D and 2-D velocity models using data from CEL09
were determined by Hrubcová et al. (2005) and Růžek et al. (2007). Hrubcová et al.
(2005) found an area with increased velocities and density contrast, coinciding with
the Mariánské  Lázně  Complex at the boundary between the Saxothuringian and
Barrandian.  Růžek  et  al. (2007)  determined  a  2-D P-wave  velocity  model  along
profile CEL09 and highlighted a very low-velocity anomaly in Moldanubian crust
which  continues  just  above  the  Moho.  Recently,  two  upper  crustal  seismic
tomographies have been published for the swarm area by Růžek and Horálek (2013)
and Alexandrakis et al. (2014).
At the lower crustal level, results of the GRANU-95 experiment (Enderle et al. 1998)
indicated a high velocity zone at the bottom of the lower crust (22–24 km depth).
15
CHAPTER 1.
The region is characterized by crustal thinning due to a updoming Moho by magma
and fluid transport (Geissler et al. 2005). 
Hrubcová  and  Geissler  (2009)  investigated  the  Moho  depth  by  compiling  the
existing seismic results  including receiver function and the refraction and wide-
angle reflection measurements. They found a gradient zone of 5 km thickness from
28 km depth down to the depth of about 32 to 33 km where the high reflectivity
obscured weaker Moho reflections. In more detail, Hrubcová  et al. (2013) modeled
three reflective interfaces in the lower crust with waveform cross correlation of the
P- and S-waves of 2008 earthquake swarms where the reflective Moho zone varied
from 2 to 4 km thickness within a depth range of 27–31.5 km.
Lithospheric  discontinuities  were  studied by  use  of  passive  seismic  experiments
including  permanent  and  temporary  seismic  stations  (e.g.  Geissler  et  al. 2005;
Wilde-Piórko et al. 2005; Heuer et al. 2006). Geissler et al. (2005) and Heuer et al.
(2006) observed a low velocity zone in the uppermost mantle which confirmed 9HR
deep seismic results in the upper mantle. The detected low velocity was interpreted
as an uplifted asthenosphere or partial melt.
The updoming Moho/uplifted asthenosphere in West Bohemia might be explained by
the existence of “mantle plume” similar to those found beneath the French Massif
Central and the Eifel in Germany (Granet et al. 1995). To test that, Plomerova et al.
(2007) carried out a high resolution teleseismic tomography beneath the BOHEMA
array.  Their  results  didn't  show  any  evidence  of  a  ‘tube-like’  low  velocity
heterogeneity down to depth of  250 km. In contrast to their study,  Heuer  et  al.
(2011) using the same data and utilizing 4500 high-quality receiver function traces
detected  a  baby  mantle  plume  based  on  weak  depth  variations  of  the  410  km
discontinuity. Additional information about the Quaternary upper mantle processes
was obtained by petrological and geochemical studies on xenoliths from Quaternary
tephra deposit  in  Mýtina  Maar  (Geissler  et  al. 2007).  Their  investigations  were
jointly interpreted with former receiver functions and reflection seismology results
and  helped  to  explain  the  observed  seismic  anomalies.  They  concluded  the  the
magmatic  processes  in  West  Bohemia  significantly  influenced  the  lithospheric
mantle, hence metasomatism caused slower than typical uppermost-mantle seismic
16
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velocities in this area.
Crustal anisotropy in the West Bohemia and surrounding areas has been measured
with different methods. Laboratory studies on rock samples (e.g. Pros  et al. 1998;
Martínková  et al. 2000; Chlupáčová  et al. 2003) and measurements from the KTB
drill hole (Kern and Schmidt 1990; Kern et al. 1991; Jahns et al. 1996; Berckhemer
et al. 1997) showed a relatively high scatter of P-wave anisotropy and orientation of
its axes in dependence on the site and type of rock. Directionally dependent delay
times between the split S-waves of the crust were studied by Vavryčuk (1993) and
Vavryčuk and Boušková (2008). They evaluated an anisotropy strength of 4–6% for
the S-waves which can locally reach values up to 10–15%. 
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Data
2.1 Stations and Networks
A vast number of observations with permanent and temporal station networks have
been carried out in West Bohemia due to repeated occurring earthquake swarms. 
The first instrumental observations in Bohemia was in 1903 when seismic stations
were established in Leipzig,  Moxa, and Göttingen (Fischer  et  al. 2014). In 1962,
microseismic monitoring started in the Vogtland area (Neunhöfer 1976). The first
installation of local three component digital seismic stations goes back to the time of
earthquake swarm in 1985/86 for  station VAC and TIS (Vavryčuk 1993).  In the
period  from  1991  to  2008,  KRASNET  was  operating  in  West  Bohemia  by  the
Institute of Physics of the Earth (IPE), Masaryk University in Brno with the focus
on monitoring local seismic activity (Nehybka and Skdcelovd 1995). WEBNET -the
dense permanent local seismic network from Czech Republic- has been built since
1994 in West Bohemia with NKC station as a central station (Horálek et al. 1996).
Fig. 2.1 shows the distribution of stations for WEBNET and KRASNET. Currently,
WEBNET consists of 13 permanent and 10 temporary short-period and broadband
stations (Fischer et al. 2010). 
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Fig. 2.1 : Distribution of stations in West Bohemia for stations of WEBNET and
KRASNET which focused mainly on monitoring local seismic activity in the West
Bohemia region. Blue triangles are stations of WEBNET and the red triangles are
showing stations of KRASNET. 
German  permanent  stations  including  stations  from  Saxonian  Network
(http://home.uni-leipzig.de/collm/),  the  Bavarian  Seismological  Network
(http://www.erdbeben-in-  bayern.de),  east  Thuringian  Network
(http://www.geo.uni-jena.de/geophysik)  and  temporary  stations  of  SZGRF,  the
Seismological Central  Observatory in Erlangen (http://www.szgrf.bgr.de/),  GFZ,
the  GeoForschungsZentrum  Potsdam  (http://www.gfz-potsdam.de/startseite/),
University of Freiberg and University of Potsdam are networks which are used in
this  project.  German  permanent  Networks  including  stations  from  BayernNetz,
Saxonian seismic network and Thuringian Seismic Network are shown in Fig. 2.2.a.
The  international  passive  seismic  experiment  BOHEMA  (BOhemian  Massif
HEterogeneity and Anisotropy) was deployed between October 2001 and February
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2004 while the main term of recordings was in 2002 (Plomerová  et al. 2003). The
PASSEQ (PASive Seismic Experiment in the Trans-European Suture Zone) network
was operated by international partners from 2006 to 2008 and consists of nearly 200
short-period and broad-band stations (Wilde-Piórko et al. 2008). Fig. 2.2.b shows all
stations of PASSEQ (red triangles) and BOHEMA (blue triangles).
Generally,  the  quality  of  the  permanent  Czech  and  German stations  are  much
better for both P- and S-waves signals compared to temporary stations of PASSEQ
and BOHEMA. In fact, PASSEQ and BOHEMA provided usable, good quality data
only for few stations. Therefore, we used only stations with a similar signal to noise
ratio to that of permanent stations.
Average spacing of stations in general is between 5 and 10 km but in the central
part of the study area, it decreases to less than 2 km. Fig. 2.3 shows the location of
all stations used in this study. Most of the them are grounded on crystalline rocks
(Geissler  2005).  Appendix  A.1  provides  detailed  information  about  station
parameters. 
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Fig.  2.2  : Stations  distribution  of  temporary  networks  and  German  permanent
networks  in  West  Bohemia.  a).  German  permanent  stations;  BayernNetz  (BW),
Saxonian seismic network (SX) and Thuringian seismic network (TH) are shown
respectively with green, blue and red triangles. b) Temporary stations of BOHEMA
and PASSEQ, are shown with blue and red triangles.
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Fig. 2.3 : Distribution of Seismic stations in the study area.  German permanent
stations  (GPS),  Czech  Republic  permanent  stations  (CZ),  PASSEQ  (PQ),  GFZ,
SZGRF (SZ), BOHEMA (BH), university of Freiberg (UF) and university of Potsdam
(UP).
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Active seismic data in this study came from several experiments that have been
carried  out  in  this  region,  including  Celebration  2000  (Guterch  et  al. 2003),
SUDETES2003 (Grad et al. 2003) and DEKORP91 (DEKORP Research Group 1994;
Enderle et al. 1998; Bleibinhaus et al. 2003; Behr et al. 1994; Tomek et al. 1997). 52
shots have been recorded by a total of 705 stations (Fig. 2.4). The shot data set only
contained P-phases, no S-phases were available because most portable stations only
had vertical geophones and S-waves couldn't be picked.
Fig. 2.4 : The map showing the location of controlled shots (red stars) and geophones
positions  (green  triangles)  from  DEKORP91,  CELEBRATION  2000  and
SUDETES2003 experiments.
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2.2 Data compilation
The list of earthquakes chosen in this study has been compiled from the catalogues
published by WEBNET and CLL (http://www.uni-leipzig.de/collm/) for the time
period 2000 to 2010. The CLL catalogue mainly adds events from Germany that
have not been reported by WEBNET.
Considering that swarms are concentrated within small hypocentral volumes and
about 90% of the recorded earthquakes are located near Nový  Kostel,  our initial
catalogue contained many earthquakes from almost identical source locations. To
avoid redundancy and unbalanced distribution of information with respect to the
inversion of  the data,  we carried out a sub-sampling of  the original database in
several steps. First, for each period of swarm activity, we divided the swarm area
into cubes with 1 km side length in each dimension. For each cube only the events
with magnitudes larger than the mean magnitude were selected for the next step.
Large  number  of  events  in  a  swarm  usually  occurs  in  a  short  period  of  time,
therefore waveforms will overlap. Hence, in each cube, we furthermore selected only
events with no overlapping waveforms. The number of events was reduced by these
selection  procedures  from about  14000  to  about  2000  at  this  stage  of  the  data
preparation.
2.3 Data Picking and selection
Due to  presence  of  noise  in  all  seismic  data,  it  is  common for  two  experienced
analysts to disagree on onset times in manual picking (Leonard 2000). Therefore
analysts consider some measure of uncertainty during the picking. The accuracy of
each observed traveltime depends on several factors such as the accuracy of the
receiver position, the precision of the receiver's internal clock, the sampling rate,
signal to noise ratio and the picking accuracy. 
Although,  using  automatic  routines  seems  to  be  efficient,  as  the  accuracy  of
automatic  picks  is  comparable  to  manual  picks  (e.g.  Sleeman&van  Eck  1999;
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Leonard 2000; Zhang  et al. 2003), for two main reasons we chose to manually re-
pick all the data using SeismicHandler software (Stammler 1993). First, most of the
available routines do not provide an assessment on picking accuracy whereas such
information  is  necessary  in  data  quality  weighting  for  traveltime  inversions.
Second,  to  avoid  inconsistencies  as  a  result  of  merging  dataset  from  different
networks  in  our  study.  Considering  the  arguments  above  and the fact  that  the
entire  data set  was picked by only one person,  we believe  that consistency and
overall quality of arrival times is increased in our study.
Fig. 2.5 : Data example for arbitrary event (12 October 2008, 07:44:56.311000 UTC,
12.447°E, 50.213°N 9-km depth). Waveforms of raw data for two stations one from
WEBNET (SKC) and the other from BayernNetz (VIEL) are chosen to show. P- and
S-picks, respectively, are indicated by grey vertical lines.
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Fig.  2.6  : Distribution  of  P-  and  S-wave  picking  confidence  interval  (picking
uncertainty). Each picking class is shown by double arrows.
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P-waves  arrivals  were  picked  on  vertical  component  and  S-waves  arrivals  were
picked  only  on  horizontal  components  of  the  stations.  To  pick  S-waves,  the
horizontal components (East-West and North-South) were rotated into the local ray
coordinate  system (Radial  and Tangential)  and  picked  on T-component.  Fig.  2.5
shows data and P- and S-phase picking example for an arbitrary event.
The picking uncertainty range in the arrival time is between 0.01 s and 0.1 s (Fig.
2.6). Based on the arrival time weighting scheme of Evans et al. (1994) a factor of 2
should be used between each weight, i.e. class 0 = 100 %, class 1 = 50 %, class 2 = 25
%.  Consequently,  a factor  of  2  is  used when defining the  corresponding picking
accuracy scheme, i.e. 0.025 s, 0.05 s, 0.1 s (Fig. 2.6). The error assessment for phase
identification are shown in Table 1 and 2. The average picking accuracy in P-wave
and S-wave arrival times are 0.0255 s and 0.0283 s respectively.
Table 2.1 : Error assessment used for P-wave picking and number of P-picks for
each quality class.
Table 2.2 : Error assessment used for S-wave picking and number of S-picks for
each quality class.
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In  the  final  list,  we  excluded  events  with  (1)  less  than  6  P-  and  6  S-wave
observations,  (2)  azimuthal gap larger than 160°  and (3) magnitude less than 0.
After cross-checking of miss-picks on Wadati-diagram (explained in chapter 3) and
removing the outliers (miss picks) we come up with 543 events with a total of 13378
picks for both P- and S-waves. Final distribution of P-wave arrivals at each station
is shown in Fig.2.7.
Fig. 2.7 : 3-D histograms showing the distribution of  P-arrival picks among the
different stations.
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Chapter 3 
1-D velocity model
3.1 Overview
In this chapter inversion of arrival time data to optimize a 1-D velocity model is
presented. The concept of 'minimum 1-D model' was introduced by Kissling (1988) to
compute a layered velocity model obtained by series of simultaneous inversion of
arrival times for hypocenter locations, station corrections and 1-D velocity model.
The proper selection of an initial reference model in local earthquake tomography
(LET) is crucial (e.g. Kissling et al. 1994). Hence a minimum 1-D model is developed
to find the  best  initial  seismic  velocity  model  and hypocenter locations  for  LET
(Kissling 1988; Kissling et al. 1994).
Local 1-D models have been implemented for many regions around the world (e.g.
Crosson 1976; Aki and Lee 1976; Ellsworth 1977; Kissling et al. 1994; Thurber 1983,
1992). For West Bohemia, Málek et al. (2005) presented P- and S-wave 1-D velocity
models.
Here I calculate an optimized layered velocity model for both P- and S-waves using
my own picked arrival times. Then, the station corrections are discussed according
to the geology of the region. Finally to estimate the accuracy of earthquake location,
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I test the mislocation of a number of active seismic sources using the minimum 1-D
velocity. This model will be used as initial reference for 3-D seismic tomography in
chapter 4.
3.2 Method
The  arrival  time  of  a  seismic  wave  is  a  nonlinear  function  of  the  hypocentral
parameters: origin time (t0), latitude (x0), longitude (y0), depth (z0) and the velocity
(V(x,y,z)) along the ray path between station and hypocenter location. 
In equation (3.1) the hypocenteral parameters and velocity model of the medium are
unknown while the only measurable parameters are limited to stations location and
arrival times. Calculation of travel time between source and receiver starts with the
first guess for unknown hypocenter parameters in an average velocity model. This
yields a theoretical (calculated) arrival time:
where:
t cal                                         , are the calculated arrival time
h j
est=( t0est , x0est , y0est , z0est )    , are the estimated hypocentral parameters
mk
est= (V est(x , y , z))           , are the estimated velocity parameters.
Travel  time  residual (t res) is  defined  as  the  difference  between  observed  and
calculated travel time:
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t cal=f (t 0est , x0est , y0est , z0est ,V est(x , y , z))=f (h jest , mkest) (3.2)
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where (d) is  the  difference  between  the  'true'  and  the  estimated  model
parameters. To calculate (d) we need to know the dependency of each parameter
on observed travel time. This dependency for all parameters except for origin time is
non linear. The linear approximation of equation (3.1) by use of Taylor expansion is:
where ∂F /∂h j (at : h j=h j
est)  is partial derivative of travel times with respect to
jth hypocentre  parameter  and ∂F /∂mk (at : mk=mk
est) is  partial  derivative  of
travel times with respect to kth velocity parameter. 
Estimation of hypocenter and velocity parameters comprises the inverse problem
and finding the ray path from source to receiver through the model is called the
forward problem.
The forward problem is solved by ray tracing from source to receiver through the 1-
D velocity model and the inversion is solved using damped least square method. The
inverse problem is solved mainly with linearized methods to minimize the RMS
misfit for all travel time residuals, therefore the term 'minimum' is referring to a
model which provides minimum average of RMS values for all events (Kissling et al.
1995).
Unlike earthquake location routines where velocity parameters are not subject to
change, here the velocity model is obtained by simultaneously inverting the travel
time data for velocity, hypocenter parameters and station correction (Kissling 1988).
Generally, a change in hypocentral parameters changes ray path and subsequently
arrival times. Similarly, a change in velocity model will change arrival time and
therefore,  the  hypocenter  location.  The  dependency  of  travel  time to  hypocenter
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tobs−tcal=f (h j
est ,mk
est)
=∑
j=1
4 ∂F
∂h j
.Δh j+∑
k=1
n ∂F
∂mk
.Δmk (3.4)
tres=(t obs−t cal )=f (dt0 , dx0 ,dy0 , dz0 , dV ( x , y , z)) (3.3)
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location and velocity model has been referred as the coupled hypocenter-velocity
problem (Crosson 1976; Kissling 1988; Thurber 1992). This problem is illustrated in
Fig.  3.1.  Solving  an  inverse  problem  for  the  coupled  hypocenter-velocity  for  a
layered earth provides the minimum 1-D model (Kissling et al. 1994).
Fig. 3.1 : Simple illustration of “The coupled hypocenter-velocity” model problem for
a single ray path: z, depth; V1-V5, each layer's velocity; P0, hypocenter (t0,x0,y0, z0); ∆r0,
hypocenter adjustment (∆x0,∆y0,∆z0) (modified after Kissling 1988).
The  matrix  notation  of  coupled  hypocenter-velocity  model  is  consists  of  two
matrices,  one  represents  hypocentral  parameters  and  the  other,  velocity  model
parameters (Kissling et al. 1994) as follow:
where,  t is the vector of travel time residuals (differences between observed and
calculated travel time),  H is the matrix of partial derivatives of travel time with
respect to the hypocenter location,  h is the vector of hypocenter adjustments, M is
the matrix of partial derivatives of travel time with respect to the velocity model
parameters, m is the vector of velocity model adjustments. The vector e represents
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error of travel times. This includes errors in measuring the observed arrival times,
errors in the calculated travel times (due to errors in station coordinate, velocity
model and hypocentral parameter) and errors caused by the linear approximation.
These three terms on right hand side of the equation can be re-written as A (matrix
of  all  partial  derivatives)  times  d (vector  of  hypocentral  and  model  parameter
adjustment) plus e (e.g., Pavlis and Booker 1983; Kissling et al. 1994). 
3.2.1 Velocity  ratio  from  Wadati  diagram
analysis
To calculate S-wave 1-D model, program  velest requires  an appropriate uniform
Vp/Vs starting model. It is the best to use Wadati diagram to calculate such starting
model.
Generally, Wadati diagram is determined for two purposes; first, is its reasonable
accuracy in obtaining Vp/Vs, second, is its important role in controlling the quality
of P- and S-wave arrival time picks.
The Wadati-plot described in Wadati (1933) with plotting the difference between S-
and P-travel times (S-P) versus P-wave travel times.
One can write:
where tp and ts are the P- and S-wave travel times, ‘d’ is the hypocentral distance, t0
is the origin time, and Vp and Vs are the P- and S-wave velocities, respectively. 
Bringing two equations in (3.6) together we obtain:
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d
v p
, t s=t 0+
d
vs
(3.6)
t p− t s=( v pv s −1) (t p −t 0 ) (3.7)
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when S-P travel time is plotted versus P travel time the slope of diagram ( v pvs −1)
represents velocity ratio. This technique yields a reasonably accurate estimate of
Vp/Vs without having information of source parameters.
3.3 Minimum 1-D model in practice
The  minimum  1-D  model  is  most  appropriate  for  high-precision  earthquake
localization and velocity model inversion based on a priori information. In this study
the routine  velest (Kissling  et  al. 1994,  Kissling  et  al. 1995)  is  used to derive
minimum 1-D model for Vp and Vs and consequently layered Vp/Vs ratio model.
Velest seeks an optimized layered model through the following procedure. First,
the forward problem is solved by ray tracing from the source to the receiver through
an  initial  model  (using  the  method  described  in  Lee  and  Stewart,  (1981)  and
Thurber (1983)).  Next,  the misfit  between observed and synthetic  travel  time is
simultaneously  inverted  to  solve  for  the  combination  of  velocity  model,  station
correction  and  hypocentral  location.  This  procedure  is  repeated  until  the  misfit
between observed and predicted travel times reaches its minimum. 
The determination of such model begins with choosing a proper set of high-quality
events. Starting the inversion using a high quality set of data can lead the inversion
to a reliable minimum 1-D model (Kissling 1988 ). This means that only events with
small  azimuthal  gap that are recorded by a large  number of  stations  should be
selected.
Since  defining  a  minimum  1-D  velocity  model  is  a  trial  and  error  procedure
(Kissling et al.1994), a broad range of initial velocity models including realistic and
unrealistic ones should be considered to estimate all possible answers (e.g. Boncio et
al. 2004).  Moreover,  the  assumed initial  velocity models  should consist  of  a fair
number of seismic layers (Kissling 1988). The defined velocity for each layer is the
best average of the lateral velocities of that layer.
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3.3.1 1-D velocity model for West Bohemia
To obtain a set of high-quality events, I used events with at least 12 onset times (6
reading for P and 6 for S) and with an azimuthal gap less than 160°.  By these
criteria, 543 events were selected with a total of 13420 observations for P and S.
Station NKC is chosen to be the reference station due to its reliability (high quality
signal to noise ratio and long period of recording) and its central location in the
Bohemian seismic region. This station has recorded 479 events.
Fig. 3.2 : Wadati Diagram of selected events for the inversion. The estimated Vp/Vs
ratio is 1.70.
The Wadati-diagram provides the initial value of 1.70 for Vp/Vs ratio (see Fig. 3.2).
Using this initial value, the program velest was run for a wide range of starting
velocity models (100 random models,  outlined by dashed lines in Fig.3.3).  These
input models were made with layers of 1 km thickness from 0.5 km above sea level
(average station elevation in the region) down to a depth of 15.5 km for P-wave
velocity  (Fig.3.3a).  The  S-wave models  were  generated  using  the  average Vp/Vs
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ratio, estimated by Wadati diagram (Fig.3.3b).
After  inversion  the  new  velocity  models  and  hypocenters  provide  smaller  RMS
residuals. One of these output models provides the lowest RMS residual of 0.06 s
(shown with red line in Fig. 3.3., a, b, c), while all other output models converge
nicely to its neighborhood. The layers including a fair amount of seismicity (hence,
ray path) represent reliable velocity values while resolution in the uppermost layers
(with no  seismicity)  are  poor.  This  is  because rays  in  the  uppermost  layers are
traveling toward stations sub-vertically. For the lowermost layers, the ray path are
nearly sub-horizontal. Due to high density of rays at depth range of 5–11 km the
minimum 1-D velocity model is likely to be well constrained only within this depth
range.
Fig. 3.3 : Final minimum 1-D velocity model for a) P-wave b) S-wave and c) Vp/Vs
ratio. All output models are indicated by the gray lines. Solid red lines indicate the
final model with lowest RMS. The range of input models are indicated by the thin
dashed black lines.
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Except for the first layer, the obtained range of Vp and Vs varies within up to 0.2
km/s. For the first layer variations up to 1 km/s can be observed (Fig. 3.3a & b)
which indicates that it is poorly constrained. This could result from a significant
surface inhomogeneity. Below this shallow layer, Vp and Vs show almost constant
velocity down to depth of 5 km. From depth 5 to 10 km there is a small gradual
increase in both velocities. Vp/Vs ratio has a sharp increase from 1.62 to 1.67 at the
first layer and after that shows small variations around 1.70 (Fig. 3.3, c) down to
depth 15 km. The 1-D model is summarized in Table 3.1.
Table 3.1 : P- and S-wave velocity model as function of depth for Fig. 3.3.
Depth (km) -0.5 0.5 5.5 6.5
Vp (km/s) 5.44 5.83 5.84 5.91
Vs (km/s) 3.35 3.49 3.49 3.51
Vp/Vs 1.623 1.670 1.673 1.678
The minimum 1-D model has an average RMS value of 0.06 s. This is calculated by
taking the average of RMS for all earthquakes (the histogram of RMS distribution
is show in Fig. 3.4). The relatively high value of final RMS of 0.06 s compared to the
average picking error of 0.0255 s is due to significant amount of 3-D heterogeneity
that could not be modeled by a layered 1-D velocity model and station delays.
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Fig. 3.4 : Histograms of final RMS of all events using 1-D optimum model.
Using earthquake and shot data based on isometric inversion algorithm, Málek et
al. (2000) determined a 1-D velocity model near the location of micro-earthquakes.
Later, using active and passive seismic data Málek et al. (2005) derived parameters
for an inhomogeneous anisotropic velocity model based on measurements of P-wave
travel-time variations. Both models are compared in Fig. 3.5. Variation of velocities
with depth, in my model, is relatively smaller than that of Málek et al. (2005). At
depth range between 2.5 and 8 km both models show similar values but outside this
depth range, due to poor resolution there is no good conformity between velocity
models. 
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Fig. 3.5 :  The minimum 1-D velocity model from this study (black line) and velocity
model from Málek et al. (2005) (gray line) are shown for a) Vp and b) Vs.
3.3.2 Station corrections
The program velest can trace the rays from hypocenter up to the elevation of each
station. The only limitation is that stations should be in the same layer because just
one layer is allowed above sea level. Neglecting the exact value of station elevations
can cause systematic 'errors' in travel time calculations. For high quality arrival
times, these systematic errors appear in station corrections (Kissling  et al. 1994).
The resulting station corrections of the minimum 1-D velocity model contain both
the effects  of  station  elevations  and of  local  subsurface  velocity  (Chiarabba and
Frepoli 1997).
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Station corrections represent relative changes of average travel times compared to a
reference  station.  Therefore  the  choice  of  reference  station  can  considerably
influence the inversion result.
The value of the station correction for the reference station remains at 0 s and for
other stations it is calculated relative to the velocity model beneath the reference
station. The  stations with high number of incident rays have the corrections that
reveal near surface information and heterogeneity. As the distance of a station from
the center of network increases the travel time delay grows due to the difference
between modeled and unmodeled structure that accumulates over longer ray paths.
Therefore information about the deeper structures appears in the stations with less
azimuthal ray coverage located farther from the reference station (most likely at the
edge of the array).
For  a  geologically  meaningful  minimum 1-D model,  station  corrections  must  be
explainable with subsurface geological structure for stations with good  azimuthal
coverage and high number of observations.  A positive value of  station correction
indicate that true velocities are slower than in the 1-D model and negative delays
represent  higher  velocities  compared  to  the  1-D  velocity  model.  The  station
corrections of the minimum 1-D velocity model are shown in Fig. 3.6. Station delays
relative to the reference station are in the range of -1.3 to +0.7 s. Comparing the
geological map of West Bohemia with Fig. 3.6, I found a good correlation between
station correction values and near surface geology of the region. 
The sedimentary Cheb basin and its southern vicinity with low velocities for shallow
depths  shows  positive  station  corrections  (Fig.  3.6).  Just  north  of  the  reference
station positive travel time residuals for P- and S-waves agree well with phyllite
content of rocks in that area. 
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Fig. 3.6 :  Corresponding a) P-wave and b) S-wave station delays to 1-D velocity
model. Red crosses and blue circles are station delays relative to reference station
(NKC) which is marked as star. Cheb basin is out lined as a dashed line.
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3.3.3 Testing accuracy of Earthquakes Location
Since shot data wasn't used in deriving the minimum 1-D model, I use them as
independent data to determine the accuracy of hypocenter location (Kissling 1988).
49  shots  have  been  recorded  by  a  total  of  682  stations  (permanent  station  in
neighboring areas and portable seismic stations shown, see Fig. 2.4). In order to
check absolute error in locations, I relocated 30 shots which had 12 or more P-wave
picks. Fig. 3.7. shows mislocation of shots in the minimum 1-D model relative to
their true location. The maximum mislocation of shots in latitude, longitude and
depth would not reach 2 km and the mislocation for the majority of shots is around
500 m.
Fig.  3.7  :  Relocation  of  shots  provides  absolute  error  estimation  of  hypocentrs
location. Dark filled circles are the differences between shots true location and their
relocated position in latitude and longitude (right panel) and depth (left panel). The
red circle is showing 1 km distance from original location.
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It is obvious that the mislocation error for shots is higher than that of earthquakes
since the corresponding ray paths for earthquakes are less affected by near surface
heterogeneity (Kissling 1988). 
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Chapter 4
3-D travel-time tomography
4.1 Introduction
Local  Earthquake  Tomography  (LET)  in  the  presence  of  sufficient  local
earthquakes,  provides 3-D/2-D (depending on the geometry of earthquake-stations
and the applied techniques) images of the crust (down to the depth of the deepest
earthquakes).  In  LET  the  3-D velocity  model  of  the  crust  and  hypocentral
parameters are determined without any prior information other than absolute P-
and S-wave travel times form local earthquakes.
LET  is  a  non-linear  inversion  problem  where  the  nonlinearity  arises  from  the
dependency of ray path on both hypocenter locations and medium velocity. As a
result of joint inversion for hypocenteral location and velocity model, LET may also
be used to estimate hypocenter locations. 
In this LET study I follow Thurber (1993) and determine P-wave velocity (Vp) and
P-  to  S-wave  velocity  ratio  (Vp/Vs)  instead  of  determining  S-wave  velocity
independently  for  several  reasons.  First,  unlike  P-wave  (first  arrival  on  the
seismogram), S-wave arrival (and consequently, the velocity) is difficult to measure
accurately. Secondly, the combination of Vp structure and Vp/Vs variations provides
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a better estimation for crustal structure since P- and S-wave velocities are affected
to different degrees by temperature and the presence of melt or fluid. Thus Vp/Vs
provides new insights into the earth's crust such as rocks lithology and fluid content
of the medium (Ito et al. 1979; Mavko and Mukerji 1995). 
In this chapter, the optimum 1-D model from the previous chapter is used as initial
model for 3-D LET tomography (Kissling 1988; Eberhart- Phillips 1990; Kissling et
al. 1994). Then, the model is parameterized by the values of Vp and Vp/Vs (from
Wadati-diagram) at a 3-D grid node structure. The P- and S-wave arrival times are
inverted to simultaneously determine Vp, Vp/Vs ratio, and hypocenter location. The
following sections start with an overview on LET method, ray tracing, the inverse
problem  and  resolution  analysis.  Later,  the  final  results  of  the  Vp  and  Vp/Vs
inversions are presented and compared with resolution models and synthetic tests.
Some figures and texts in result section of this chapter are taken from my published
paper (Mousavi et al. 2015).
4.2 Representation of LET method
A significant number of books and review papers have been written on LET (eg.
Thurber  and  Aki  1987;  Nolet  1987;  Iyer  and  Hirahara  1993;  Montagner  1994;
Boschi et al. 1996; Trampert 1998; Thurber 2003; Rawlinson and Sambridge 2003).
In  this  section  I  have  no  intention  of  reviewing  all  the  literatures  on  seismic
tomography, but providing an introduction to the method.
The very first implementation of inversion towards 3-D velocity model was carried
out  by  Aki  and  Lee  (1976)  where  they  only  focused  on  layering  and  velocity
dependence with depth. Later they considered lateral variations in each layer and
divided  the  volume  into  cubes  with  constant  velocity.  Lees  and  Crosson  (1989)
developed  LET  by  allowing  free  gradual  velocity  changes  between  each  cube.
However  the  procedure  was non-iterative  and earthquakes  locations  were  fixed.
Michelini and McEvilly (1991) used “cubic B-splines” interpolation between model
parameters to get a smoother result. Benz et al. (1996) used finite-difference method
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to calculate the wavefront in 3-D velocity model including topography 
The fundamental target for all tomographic inversions is "to improve the estimates
of the model parameters (structure and hypocenters) by perturbing them in order to
minimize some measure of the misfit to the data" (Thurber 1993).
Each LET method has to deal with various questions like;
– How to parameterize the model?
– Which ray tracing method should be used?
– How to deal with hypocenter-velocity coupling ?
– Which inversion method has to be chosen?
– How to evaluate the model resolution?
– How to include S-wave information?
In brief, the mathematical processes used in LET can be subdivided into three main
problems  (Rawlinson  and  Sambridge  2003):  (1)  selection  of  a  proper  model
parameterization,  (2)  the  forward problem of  calculating  travel  times through a
heterogeneous velocity model and (3) the inverse problem of perturbing the velocity
model and hypocentral location to better fit the observed travel times. The concept
of these three basic steps of LET will be summarized in sections 4.2.1 to 4.2.3.
LET usually suffers from non-uniform distribution of source and receivers which
results in uneven distribution of  rays within the model volume (Fig.  4.1).  Those
model parameters which are heavily sampled by rays are over-determined and the
parameters which haven't received enough rays are under-determined. Since LET
problem deals with both under-determined and over-determined parameters, it is
said to be mixed-determined (Husen 1999).
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Fig. 4.1 : Schematic illustration of a mixed-determined problem with four cells (C1 –
C4).  The  velocity  of  cell  C1 is  under-determined  and  cells  C2 and  C4 are  over-
determined. Velocity of cell C3 can only be determined with using the one in C4.
In this study, I use  Simul2000 (Thurber and Eberhart-Phillips 1999), the latest
tomographic inversion program of the “Simul” family. The first member,  Simul3
(Thurber 1981), employed approximate 3-D ray tracing. Then, Simulps12 included
“pseudo-bending”  method  to  produce  more realistic  ray paths  (Um and Thurber
1987). In addition, it was developed to invert S travel times for S velocity structure
and S minus P travel times for Vp/Vs structure (Eberhart-Phillips 1990; Evans et
al. 1994).  Further changes proceeded in  Simulps13q inversion by including the
attenuation (Rietbrock 1996).  More recently,  Simulps14 incorporated a full  3-D
shooting ray tracer (Haslinger 1998).  Finally,  the latest modifications evolved in
Simul2000 which permits  more  flexible  parameterization of  the  velocity  model.
This development is crucial in LET progress, as it suffers from a highly irregular
distribution of seismicity and stations.
4.2.1 Model Parameterization
Model  parameterization  is  attributing  seismic  velocities  to  the  grid  nodes.  For
calculating travel times from source to receiver a continuous velocity model (infinite
number of nodes) is required. In practice, we can only estimate a finite number of
velocity nodes for any volume. To address this discrepancy LET routines employ
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interpolation functions (e.g.  spline functions,  see Sambridge 1990; Michelini  and
McEvilly 1991) enabling the calculation of velocities for any arbitrary point between
nodes. Simul2000 algorithm computes velocity value at each node from the velocity
values at eight surrounding nodes using trilinear interpolation and weights them by
their respective distances to the point (Thurber and Eberhart-Phillips 1999).
Choosing  the  proper  model  parameterization  is  a  sophisticated  task  due  to  the
trade-off  between  resolution  and  chosen  model  parameterization  (Toomey  and
Foulger 1989). One must avoid using too fine grid nodes causing the problem to be
ill-posed and at the same time employ a sufficient number of nodes to adequately
estimate the true velocity structure. The issue of concern in choosing grid points is
that the problem should remain well-posed (i.e.  the total  number of  the knowns
must be at least twice the number of unknowns). Basically this concern puts a limit
on the number of nodes used to parameterize the velocity model. The best way to
choose  model  parameters  is  a  choice  based  on  priori  information  of  geological
properties  of  the  region,  station  distribution  (spacing),  spatial  resolution  as
determined  by  synthetic  tests  and  resolution  capability  according  to  the  ray
coverage  (Kissling  et  al. 2001).  The  ideal  reproduction  of  a  known  structure
demands irregular model grid node spacing, dense spacing for the area with a fair
number  of  crossing rays and a coarse spacing for  the area with insufficient  ray
coverage. Although irregular model grid node spacing which is suitable for mixed-
determined  problems  can  make  the  interpretation  of  tomographic  results  and
solution quality difficult, the objective is to produce a final 3-D velocity model with
consistent resolution within the area of study. 
4.2.2 Forward problem (Ray tracing)
Quality and reliability of tomographic results depends on the accuracy of forward
calculations which estimates ray path from each source to receiver. According to the
estimated  ray  path,  LET  calculates  travel  time  residuals  based  on  comparing
observed and calculated arrival times and then calculates hypocenter location and
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velocity partial derivatives (Haslinger and Kissling 2001).
In Simul2000, the Pseudo Bending Approximate Ray Tracing (ART-PB) method is
used to compute the forward problem in LET (Thurber 1983 and Eberhart-Philips
1986).
Fig. 4.2 : The illustration of three steps of iteration in pseudo-bending method of Um
& Thurber (1987). Figure is taken from Rawlinson and Sambridge (2003).
In the ART-PB method, the source and station are connected with a set of arcs with
different  radius  and  lying  in  different  planes.  The  initial  ray  path  is  rather
unrealistic, so pseudo-bending successively perturbs the curvatures in different dip
angles  to  produce  a  more realistic  adjusted ray path  with considering  the  local
velocity gradient (Um and Thurber 1987). The procedure is displayed in Fig. 4.2.
The primary ray path is made up of three points. The middle point is iteratively
perturbed to reach the extreme value of travel time which satisfies the ray equation.
In the next steps the number of points between source and station is doubled and
the perturbation process is repeated. The procedure of doubling the points continues
iteratively until the change in travel-time reaches a certain value.
Although ART-PB involves an efficient search for the fastest 3-D ray geometry and
finds a global travel time minimum, it suffers from some defects, such as inaccurate
results for long rays (above 60 km) (Haslinger and Kissling 2001), lower sensibility
to  strong  heterogeneities  and  a  relatively  long  computing  time  (Thurber  &
Ellsworth 1980) 
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4.2.3 The inverse problem
For a set of stations and earthquakes in seismic tomography, the equation of arrival
time residuals (3.4) can be written in matrix notation (Menke 1989):
where d is  data  vector  consisting  of  arrival  time  residuals  and m is  model
correlation  vector  (hypocenter  and  velocity).  Matrix G represents  the  relation
between model and data, it contains partial derivatives of travel times with respect
to model parameters. The aim of solving inverse problem is to find a best fitting
model m .  The direct  solution of  this  equation is  only  possible  in  the  unlikely
condition when G is a square matrix (i.e.  number of unknowns and number of
observed  travel  times  is  equal).  There  are  different  approaches  to  find  such  a
solution  (see  Rawlinson  and  Sambridge  2003  and  Rawlinson  et  al. 2010  for  a
review). 
The least-square-solution is a possible way to estimate m if the observations and
travel  time  calculation  errors  are  randomly  distributed.  The  inverse  problem is
formulated as the minimization of a function consisting of the data residual term.
The least-square solution of equation (4.1) as given by Menke (1989) is:
where mest is an estimate of the model parameters and GT is the transpose of
matrix G . GTG is a square and symmetric matrix therefore it can be inverted
and the eigenvalues  would be  real  (Lay and Wallace  1995).  The resolution of  a
dataset depends on the size of eigenvalues in the solution matrix. Cells with no rays
(under-determined cells) possess eigenvalues equal to zero leading to formation of a
solution matrix which is not invertible. Using indirect indexing method makes the
solution of this problem possible where it eliminates the cells with zero eigenvalues
(Fig. 4.3).
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Since the coupled hypocenter-velocity problem contains different partial derivative
functions for its unknowns, matrix G is split into two matrices, hypocentral and
velocity partial derivatives. Therefore the inverse problem successively solves each
iteration in two steps. First, it inverts only for velocity model and then, relocates
earthquakes using the updated velocity model. 
Least-square minimization is only applicable for a well posed and over-determined
problem. To solve a mixed-determined problem “Damped-least-square” method is
introduced which is formulized as (Menke 1989):
where I is  the  identity  matrix  and ϵ2 represents  the  damping  value.  The
damping  value  has  a  controling  role  on  variations  in  solution  space  where  low
constrained parameters with small eigenvalues tend to change velocity adjustments
in the inverse solution. In other words, it keeps the velocity parameters which are
not resolved by our data to remain closer to the initial value compared to the well-
resolved ones. 
The  solution  vector mest is  proportional  to a
eigenvalue+ϵ2
where a represents
the  number  of  rays  in  a  cell.  This  means  that,  for  small  eigenvalues  (under-
determined parameters)  damping is necessary to handle instabilities and on the
contrary, for  eigenvalues larger than ϵ2 the effect of damping is small.
In Fig.4.3, the cell C6 has a large value of a but due to the lack of intersected rays,
has a low eigenvalue leading to large velocity adjustment. The condition for cell C2
is vice versa, it has a lower a compare to C6 but a higher eigenvalue which cause
lower  velocity  adjustment.  Moreover,  the  estimated  velocity  for  cell  C6 strongly
depends on the estimated velocities in neighboring cells.
In this  study,  I  followed Eberhart-Phillips (1986)  suggestion in  finding the best
damping parameter that will be explained further in Section 4.3.3.
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Fig. 4.3 A simple example of indirect indexing. The corresponding row and column
for  the  under-determined  cell  (C4)  is  eliminated  from  the  solution  matrix.  The
resulted matrix is smaller and gets new indexes (so-called indirect indexing). Using
this approach cause higher efficiency when inverting the matrix.
4.3 Inversion strategy
“Graded” inversion and “Single step” inversion are two different inversion strategies
that can be used in LET.
➢ “Graded”  inversion:  this  approach  starts  with  a  coarsely  parameterized
velocity  model  and  continues  to  finer  parametrization  (e.g.  Kissling  et  al. 1994;
Eberhart-Philips  &  Reyners  1997).  The  calculated  velocity  model  is  then
interpolated onto a finer grid and used as input for the next finer parameterization,
together  with  the  relocated  hypocenteres.  Each  parameterization  needs  its  own
suitable damping value.
➢  “Single step” inversion: the initial reference model is used in the final fine
parameterization to invert travel times in a single inversion.
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In this study, the graded inversion scheme is used. The advantages of the graded
inversion method over a single inversion are that it can regulate the velocity model
carefully in areas of high resolution and minimizes artifacts in the final 3-D model
(Haberland et al. 2009).
4.3.1 Initial 1-D model and input data
It  is  well  known in  seismic  tomography  that  the  resulting  3-D  models  depend
significantly on the 1-D starting model (eg. Kissling  et al. 1994). As suggested by
various authors and discussed in Chapter 3,  in order to linearize the non-linear
coupled hypocenter velocity problem, the input parameters should be close to their
true values. Therefore, only well located earthquakes and a proper initial velocity
model that are close to the “true” solution, should be used as input for LET.  The
relocated  hypocenters  and  final  layered  velocity  model  from  the  minimum  1-D
model are the most reasonable data input to be used to derive a premium fitting.
4.3.2 Choice of grid
As stated earlier,  model  parameterization is  an important factor  in tomographic
inversion procedure beside data quality and numerical solutions for forward and
inverse problems.
In this study, following a series of preliminary tests a graded inversion strategy was
applied  that  involves  using  consecutive  finer  parameterizations  for  the  final
optimum P-wave velocity model on grid nodes. For brevity the results of each step of
the graded inversion are presented in Appendix B. I started with horizontal node
spacing of 20 km and successively reduced it to 15 km, 10 km, 8 km, 6 km and 4 km
spacing at the final inversion, where the vertical nodes were at -0.5, 2.5, 5.5, 8.5 and
11.5 km with 3 km spacing. Two coarse nodes toward the east and two nodes to the
west were added to account for few distant stations.
56
TRAVEL-TIME TOMOGRAPHY
Fig. 4.4 : (a) The 4×4 km² horizontal and (b,c) the 3 km vertical grid design used in
the inversion. The stations (black triangles) are connected to the hypocenters (white
circles)  by the gray ray path.  (d) Histogram plot shows the depth distribution of
earthquakes.
Similarly, two nodes in north and two nodes in south were assigned (Fig. 4.4). The
origin of the x, y, z system which is used to define the model parameterizations is
located in 12.37°E and 50.25°N in all inversions. 
• Note that according to (Evans  et al. 1994) node positions must be integral
multiples of 0.1 or 1 km thus we shifted the depth of grid nodes, sources and
receivers by 500 m and inverted at 0, 3, 6, 9 and 11 km and later for the
presentation of results, we undo the depth shift.
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4.3.3 Vp/Vs inversion
Inclusion of  S-wave  data in  tomography  can bring important  benefits  to  a  LET
study where  it  helps  to  restrain  hypocentral  locations  and serves  to  reduce  the
degree of coupling between hypocenters and velocity structure (Thurber 1993). Two
different  strategies  are  presented  for  inclusion  of  S-wave  information  in
tomography: 
First, inverting S-wave arrival time data in the same way as P-wave arrivals. The
larger uncertainties of S-arrival times cause reduction in the resolution capability,
hence a coarser inversion grid is required.  This difference in resolution not only
makes direct comparisons of the P- and S-wave models difficult, it also prevents the
construction of a solid Vp/Vs model. A simple cell by cell division of P-wave model to
S-wave  model  (to  construct  Vp/Vs)  brings  numerous  artifacts  into  the  resulted
Vp/Vs model because each model has a different resolution (e.g. Eberhart-Phillips
1990).
The second approach is to directly invert S-P travel times for Vp/Vs (e.g. Foulger et
al. 1995; Husen et al. 2000 and Haslinger 1998). Since P- and S-waves of an event
are picked at the same location (seismic station), the problem of different resolution
disappears. However, the problem of lower quality S picks remains.
Simul2000 directly inverts for Vp/Vs which can be represented as (Schurr 2000):
S-P time residuals are determined based on initial Vp and Vp/Vs model. The smaller
inherent uncertainty and expected variations in Vp/Vs compared to Vs makes the
inversion for Vp/Vs on the same grid as for Vp possible. The procedure to determine
Vp/Vs is the same as for the P-wave velocity model. 
The program Simul2000 was applied in two steps in this study: at the first step I
kept Vp/Vs fixed and inverted for the best P-wave velocity model and in the second
step I inverted for Vp/Vs. For the initial Vp/Vs model a constant value of 1.70 was
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applied based on the Wadati diagram analysis (Fig. 3.3.1). This approach is chosen
because it provides more stability than the simultaneous inversion which suffers
from the trade-offs between Vp and Vp/Vs models.
Due to its  sensivity to  fluid  content (Ito  et  al. 1979;  Mavko and Mukerji  1995),
deriving Vp/Vs is an important step to detect fluids in our study area. Furthermore
it provides important additional information on lithology, the presence of cracks,
and the degree of pore fluid saturation.
4.3.4 Velocity damping
As  mentioned  in  section  4.2.3,  damping  is  a  crucial  factor  in  optimizing  the
inversion. The choice of a very low damping value develops a rough model since data
noise is fitted into model adjustments, and a very high damping value leads to an
extremely smoothed model which does not explain the observed data. Normally, the
damping parameters are determined using a trade-off curve between data variance
and  solution  variance  (Eberhart-Philips  1990). Data  variance  is  plotted  against
model  variance  (often  an  L-shaped  curve)  for  different  values  of ϵ2 .  The  best
damping parameter is  the one which yields a low data variance  whereas model
variance is moderate (i.e. lie in the “bow” of the L-curve).
In this study, I first defined the damping value for Vp, (keeping the damping for
Vp/Vs  fixed at  a  high value)  by  running  series  of  single  iterations  for  different
values of P-wave velocity damping. The choice of damping for Vp/Vs was carried out
with the  same procedure with keeping Vp damping at  the  defined value in the
former step. The damping parameter for this study is chosen to be 100 for Vp and
200  for  Vp/Vs  (Fig.  4.5).  Note  that  although  trade-off  curve  for  Vp/Vs  suggests
smaller optimum damping value (around 100), 200 was chosen to obtain smoother
results (the data misfit varies only by 0.0001 s²).
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Fig. 4.5 : The determination of  optimum damping parameter values used in the
damped least-squares  inversion.  A  value  of  100  was  chosen  for  Vp  and 200  for
Vp/Vs.
4.4 Resolution analysis
4.4.1. Statistical measures
A reliable interpretation of analysis of the three-dimensional velocity model is only
possible when an estimation of resolution power is available. Resolution estimation
can be  divided into  different categories,  mathematical  assessment and synthetic
tests. Considering such measurements enables us to distinguish artifacts from well-
resolved  and  robust  features  of  tomographic  models.  There  are  several
mathematical  resolution  estimations  based  on  resolution  matrix  including  Hit
count,  Derivative  Weighted Sum (Toomey & Foulger  1989),  Resolution  Diagonal
Elements and Spread Function (Eberhart-Phillips & Michael 1998). Each approach
has its own strengths and weaknesses which will be discussed as follows.
Hit count, the simplest resolution estimation, is the total number of rays passing
through each cell. In general, high hit count does not necessarily correlate with high
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resolution. The problem with hit count is that it takes neither length of rays in each
cell nor direction of rays into account. One exaggerated example is considering a
poorly resolved cell with a high hit count value while all the rays hit the cell in
parallel and cross only the edge of the cell (Fig. 4.6).  The well-resolved cells are
those in which rays intersect each other.
Fig. 4.6 : Schematic illustration of a cell with a high hit count but a poor resolution.
The only advantage of using hit count is that it is helpful in finding areas with no
resolution.
The Derivative weighted sum (DWS) is more informative, it measures relative
ray density in each cell and weights each ray by its distance to the model node.
Evaluating resolution with DWS is more reliable compare to hit count. 
Although a high DWS is associated with a high ray density, it says nothing about
the orientation of the rays within the cells.
Resolution Matrix: assuming an inverse problem comprising a set of true,  but
unknown model parameters, mtrue , and a set of observations, d obs (Menke 1989)
we would have:
Note that, 'true' here is referring to true within the model parametrization and not
'the real earth'. The expression (4.5) can be substitute into:
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in a pure least-square solution: 
and in damped least-square solution:
we obtain:
The  model  resolution  matrix R determines,  how  close  the  estimated  solution
mest is  to  the true model  solution mtrue .  In  the  case of  perfect  recovery, R
would  be  an M×M Identity  matrix  (where M is  the  number  of  model
parameters).
The  model  resolution  matrix R ,  provides  two  more  criteria  to  assess  the
resolution:
The Resolution Diagonal Elements (RDE), is self explanatory in its name, by
considering only diagonal elements of the resolution matrix. RDE, varies between 0
(poor resolution) and 1 (perfect resolution). A model parameter with RDE of 1, is
fully  independent  from  other  nodes.  In  the  real  data  condition  (event-station
geometry),  since  the  resolution  matrix  is  not  an  identity  matrix,  its  diagonal
elements  are  considerably  less  than  1  and  the  non  diagonal  elements  contain
substantial non-zero values.
RDE values depend on the data quality, node spacing, damping and ray coverage.
The weakness of RDE as a resolution criteria is that it ignores off-diagonal elements
whilst they have a considerable impact on model resolution. Off-diagonal elements
in the resolution matrix along each row reflect smearing for the diagonal element.
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G−g=(GT .G)−1 .GT (4.7)
G−g=(GT .G+ϵ I)−1 .GT (4.8)
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In  other  words,  they  show  the  dependency  of  resolvability  of  each  node  on  its
neighbors.
The Spread  function  (SF),  introduced  by  Michelini  and  McEvilly  (1991)  and
Reyners  et  al. (1999)  considers  contribution  of  off-diagonal  elements  as  well  as
diagonal  elements  in  model  resolution.  SF  is  a  realistic  and  efficient  way  in
representing model  resolution.  It  compresses each row of  resolution matrix in a
single value which describes the resolution for that node. Large spread values mean
that the result is smeared over a number of nodes therefore the resolution is low.
Low  spread  values  indicate  larger  diagonal  elements  and  consequently  higher
resolution. S j , the SF for a model parameter j is defined from all the elements
of r jk within the row r j which is weighted by D jk the distances in kilometers
between pairs of nodes.
In equation (4.10) all elements of resolution matrix are normalized. r j is the L2
norm and can be interpreted as a weighting factor.
4.4.2. Synthetic tests
Testing the recovery of a known model (synthetic data) provides a tool to assess the
ability  of  the  source-station  geometry  together  with  model  parametrization  and
damping factors in resolving subsurface structures. For this purpose, the geometry
of stations and earthquakes is kept fixed and travel times are recalculated by ray
tracing through the synthetic input velocity model.
The base of calculation for different synthetic tests is the same. First, a synthetic
model  is  generated then the forward problem calculates corresponding synthetic
travel times. In order to simulate similar condition as the data, Gaussian noise is
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added to the synthetic traveltimes. The standard deviation of the distribution is set
in accordance with the pick uncertainty weighting scheme (chapter 2.3). In the end,
the synthetic travel times from the previous step are inverted using the minimum 1-
D model in an attempt to reconstruct the synthetic anomaly model. 
The  most  commonly  used  synthetic  tests  is  the  “checkerboard  test”,  where  an
alternating pattern of high- and low-velocity anomalies forms the synthetic model
(Kissling 1988).  The advantage of  this  set  up is  that it  provides  information on
spatial  smearing and qualifies model  by specifying the areas with low and high
resolution (Eberhart-Phillips and Michael 1998). In this test, the good recovery of
small  structures does not  mean that larger structures similarly have to be well
resolved (Leveque et al. 1993). Hence, it has become a common practice to try out
“characteristic model” tests in which a synthetic model is constructed with the size
and shape of the anomalies seen in the final velocity. The purpose of a characteristic
model test is to show whether features comparable to those observed in the real
model are recoverable using a similar data set as input.
4.4.3. Summary  and  presentation  of  resolution
assessments
As discussed above, it is obvious that no single resolution test can completely assess
the  differences  between  well  resolved  and  poorly  resolved  regions  of  a  model.
Therefore, a good combination of several tests will tell us which parts of the model
are robust. In this study resolution assessment focuses on a combined analysis of
the SF, the checkerboard tests and characteristic model tests.
SF values for the fine Vp and Vp/Vs inversions are shown in horizontal sections in
Fig. 4.7 and Fig. 4.8. The SF values along various vertical sections are shown in Fig.
4.9. The resolution in the very top layers of the model is limited since most rays
arrive sub-vertically at stations. Between 2.5 and 8.5 km depth a broad area of good
resolution (blue) is observed within the Nový  Kostel and surrounding area.  Poor
resolution  (red),  is  mainly  restricted  to  the  periphery  of  the  model.  However,
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resolution estimates based on SF is not sufficient as its values strongly depend on
the damping values and the model parametrization (Toomey and Foulger 1989 and
Kissling et al. 2001). Therefore, setting a threshold for acceptable value of SF is not
generally applicable (Diehl 2008). The ultimate choice of threshold should be done
based on comparison between synthetic tests results and relative size of SF values.
Two synthetic tests are selected to evaluate the resolving power of the tomography
here.  Firstly,  a  simple  checkerboard  synthetic  model  is  generated  by  velocity
perturbations  of  ±10% of  the  1-D velocity  value superposed onto  the grid  nodes
which extend across 2 nodes in horizontal direction and one node in depth.  The
results  of  retrieving  the  checkerboard  patterns  with  2  ×  2  ×  1  model  nodes
perturbations for Vp and Vp/Vs are shown in map view in Fig. 4.10 and Fig 4.11
respectively. Vertical sections for the checkerboard test results are shown in Fig.
4.12. Depth sections for Vp and Vp/Vs show good resolution at central nodes.  In
shallow layers, significant smearing and low resolution is detected south-west of
Cheb basin where the majority of rays are sub-parallel. The amplitudes of retrieved
anomalies for Vp/Vs are generally lower than in the input models because a higher
damping value for Vp/Vs was chosen. The velocity perturbations between latitude
50.15° and 50.35° down to depth of 12 km are well resolved (profile A). Profiles D
and  C  are  well  resolved  between  12.20°  and  12.35°  and  profile  B  is  only  well
resolved at depths 2 to 7 km (mostly towards the east).
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Fig.  4.7  : Map  views  showing  SF  values  to  illustrate  the  resolution  of  the
tomographic  models  for  Vp.  SF  values  were  calculated  from  the  full  resolution
matrix. The location of the vertical sections is indicated within the map views. The
model resolution is high in areas where the spread matrix holds low values. Tiny
crosses indicate the model nodes.
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Fig. 4.8 : Same as Fig. 4.7. map views of SF values for Vp/Vs.
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Fig. 4.9 : Vertical SF values for the Vp (left) and Vp/Vs (right) model along the
cross-sections A - D. The cross-sections are shown in Fig. 4.7 and Fig. 4.8.
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Fig. 4.10 : Map view of the reconstruction of the 2 × 2 × 1 checkerboard model for Vp
at  different  depth.  The  original  checkerboard model  is  outlined by  red and blue
contours in each presentation. The cross-sections A, B, C and D are related to the
vertical model sections described in Fig. 4.12 . 
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Fig. 4.11 : Same as Fig. 4.10. Map view of the reconstruction of the checkerboard
model for Vp/Vs at different depth.
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Fig.  4.12  : Cross-sections  along  longitude  and  latitudes  of  the  recovered
checkerboard models of Vp (left) and Vp/Vs (right).
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Fig. 4.13 : Recovery of theoretical models derived from the inversion of characteristic
model. A pattern of characteristic anomalies was defined to generate the theoretical
model.  Blue  and red  boxes  indicate  the  geometry  of  input  negative  and  positive
anomalies. 
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Fig.  4.14  : Same  as  Fig.  4.13.  Recovery  of  theoretical  models  derived  from the
inversion of characteristic model for Vp/Vs.
73
CHAPTER 4.
Fig. 4.15 : The retrieved vertical synthetic model of the Vp (left) and Vp/Vs (right)
along the cross-sections A – D. The cross-sections location are shown in Fig.4.13 and
Fig.  4.14.  The  red  and  blue  contour  lines  represent  the  high  and  low  velocity
anomalies.
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A significant risk of the checkerboard test is that the artificial velocity structure of
the checkers is likely to change the ray paths from its original path in the real
model. Therefore, the second synthetic test with characteristic model was carried
out where synthetic models are abstracted from real data inversion as can be seen
in the next section. The inversion of the characteristic model was performed similar
to the checkerboard test and the real data. 
For such a test inversion a model with anomalies of ±10% against the background 1-
D model was defined independently for Vp and Vp/Vs. Red and blue boxes show the
outline of synthetic low and high velocity anomalies (Fig 4.13 - 4.15).
For Vp test two low velocity structures were assumed, one beneath Cheb basin and
the  other  one  in  the  north  of  the  basin  as  the  area  filled  with  unconsolidated
material. Likewise, two high velocity anomalies in the north and west of Cheb basin
were modeled in the upper layers, and at depth 8 km to 12 km one high velocity
anomaly was introduced (Fig. 4.13 and 4.15). After inversion those two low velocity
structures  were  reliably  retrieved,  however,  the  retrieval  of  the  high  velocity
anomaly in the west was weak with some degree of smearing toward east.  This
anomaly should be considered as an artifact in the interpretations. The high velocity
anomaly at 8.5 and 11.5 km depth is fairly recovered, however in section B it doesn't
show any resolution.
The same type of test is carried out for Vp/Vs where two positive anomalies at the
location of the Bublák/Hartoušov mofette and in the west of the Cheb basin were
assumed. Furthermore a large dominant negative anomaly in the center and north
of Eger rift were used. In the lower layers a large positive anomaly was considered
(Fig.  4.13  and 4.14).  For  most  parts  anomalies  were  well  recovered,  except  the
positive feature between 12.05°and 12.20° where the  anomaly was recovered with
lower amplitudes and smeared in the deeper parts and outer regions of the model.
Putting  all  resolution  tests  together  and  comparing  well  resolved  parts  of  the
checkerboard test and characteristic test results with SF values, helps us to define
areas of low resolution and detect possible artifacts. Therefore in this study, the
areas with SF values lower than 2.5 are considered as well-resolved and SF values
between 2.5 and 3.5 are considered to be moderately resolved with some smearing.
In the presentations (next section),  the moderately resolved parts will  be shown
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with faded intensity and non-resolved parts in blank.
4.5 Results *
The resulting Vp and Vp/Vs models in light of the resolution analysis (section 4.4)
provide detailed insights into the West Bohemia and earthquake swarm system. To
visualize the major features of the model the results of the 3-D tomography are
presented in W-E depth sections, N-S depth section and in map views (Fig. 4.16-
4.19).  The  images  were  interpolated  from  the  inversion  grid  by  applying  the
identical interpolation method as used in forward and inverse calculations within
Simul2000. Horizontal slices of Vp (Fig. 4.16) and Vp/Vs (Fig. 4.18) are plotted at
the vertical nodes of the final inversion grid, at 2.5 km, 5.5 km, 8.5 km, and 11.5 km
depth. These map views also include the surface projection of the seismicity as well
as the outline of the Cheb basin and the location of the Bublák/Hartoušov mofette
fields.  The vertical  sections  along profiles  A-D (Fig.  4.16 and 4.18)  are  crossing
major  structures  such  as  the  earthquake  swarm region  and  the  Cheb  basin.  A
lateral,  perpendicular  projection  of  seismic  events  is  displayed  in  these  vertical
sections, if the projection distance is smaller than 1 km (Fig. 4.17 and 4.19). For
orientation, the location of the profiles A-D can be found within the horizontal slices
of Vp (Fig. 4.16) and Vp/Vs (Fig. 4.18).
* This part is taken from my published paper with some minor modifications.
Mousavi,  S.,  Bauer,  K.,  Korn,  M.,  Hejrani,  B.,  2015.  Seismic tomography reveals a mid-
crustal intrusive body, fluid pathways and their relation to the earthquake swarms in West
Bohemia/Vogtland. Geophys. J. Int., 203, 1113-1127.
76
TRAVEL-TIME TOMOGRAPHY
Fig. 4.16 : Horizontal slices show the final Vp distribution at 2.5 km, 5.5 km, 8.5 km
and 11.5 km depth. Regions with less resolution are shown faded, and non-resolved
parts are blank. The location of profiles A, B, C and D are given for orientation.
Seismic event locations are plotted as gray circles. The outline of the Cheb basin (CB)
is shown as a dashed line. A mid-crustal intrusive anomalous body (I) is outlined by
a  red  ellipse  at  11.5  km  depth.  The  white  star  indicates  the  location  of  the
Bublák/Hartoušov mofette fields.
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Fig. 4.17 : Vertical sections showing the final Vp distributions along profiles A, B, C
and D. The location of the profiles is given in Fig.4.16. Regions with less resolution
are shown faded, and not-resolved parts are blank. Seismic events are plotted if the
horizontal  projection  distance  is  smaller  than 1  km.  Labeled  features  CB (Cheb
basin) and I (mid-crustal intrusive body) are described in text.
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The most prominent feature resolved within the upper crust is an anomaly of low-
Vp values which coincides with the outline of the Cheb basin. Within this body the
P-wave velocities vary between 4.7 km/s at the surface and 5.5 km/s at 2.5 km depth
(Fig. 4.17, profile B). Another, slightly smaller feature with similar lower P-wave
velocities is located north of the Cheb basin in the border region between Germany
and Czech Republic. At the location of these low-Vp anomalies an increased Vp/Vs
ratio is observed, which, however is slightly smaller in size compared to the low-Vp
anomalies (Fig. 4.15). The high-Vp/Vs spot within the Cheb basin corresponds to the
location of the Bublák/Hartoušov mofette fields.
Another pronounced upper crustal anomaly was imaged at the western edge of the
resolved  area.  This  feature  is  represented  by  a  circular  anomaly  of  high-Vp/Vs
around the western end of profile B at 2.5 km depth (Fig. 4.18). A corresponding
high-Vp anomaly is found but this is not coinciding perfectly with the circular Vp/Vs
feature and it is slightly shifted northward. Based on the resolution tests using the
characteristic model recovery approach, it has been assumed that a larger degree of
smearing is degrading the reliability of this structure. Hence, this feature was not
considered in our interpretations.
In the deeper parts of the model, at mid-crustal level, the most prominent feature is
imaged just below the swarm hypocenters. Within the horizontal slice at 11.5 km
depth  the  anomalous  regions  shows  high-Vp values  of  6.5  km/s  (Fig.  4.16)  and
increased Vp/Vs values of 1.75 in comparison with the average value of 1.7 (Fig.
4.18).  The structure is  covering parts  of  the  swarm cluster region around Nový
Kostel and extends further northward as far as the Czech-German border. At 11.5
km depth it has a diameter of about 9 km. The anomalous body of high-Vp and
increased Vp/Vs is changing its shape to a more complex and heterogeneous feature
at shallower depth where it can be followed up to the 8.5 km depth slice in Vp (Fig.
4.16) and in Vp/Vs (Fig. 4.18).
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Fig. 4.18 : Horizontal slices show the final Vp/Vs distribution at 2.5 km, 5.5 km, 8.5
km and 11.5  km depth.  Regions  with  less  resolution are  shown faded,  and not-
resolved  parts  are  blank.  The  location  of  profiles  A,  B,  C  and  D  are  given  for
orientation.  Seismic event locations are plotted as grey circles. The outline of  the
Cheb basin is shown as a dashed line. Labeled features F (fluid pathway) and I
(mid-  crustal  intrusive  body)  are  discussed  in text.  The  white  star  indicates  the
location of the Bublák/Hartoušov mofette fields.
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Fig.  4.19  : Same  as  Fig.  4.18.  Vertical  sections  showing  the  final  Vp/Vs
distributions along profiles A, B, C and D. Labeled features F (fluid pathway), and I
(mid-crustal intrusive body) are described in text.
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4.6 Discussion
Combining Vp and Vp/Vs in the interpretation of tomographic models is an efficient
approach to better constrain the lithological nature of the subsurface in comparison
with the separate consideration of each parameter (e.g. Bauer  et al. 2003). Vp is
particularly suited to distinguish between sediments showing low-Vp values and the
hard  rock  basement  which  is  characterized  by  Vp values  larger  than 5.5  km/s.
Moreover, very high crustal velocities are typically associated with igneous rocks
whereby larger portions of mafic components may further increase Vp. The ratio of
Vp/Vs can provide additional constraints on the mineral composition (Christensen
1996). To give some examples, quartz as an important rock-forming mineral has a
very low-Vp/Vs and, hence, granites and felsic material in general are characterized
by decreased Vp/Vs whereas mafic rocks show Vp/Vs higher than average values
(Christensen 1996). Furthermore, Vp/Vs is rather sensitive to the presence of fluids
where a high fluid content is often related with increased Vp/Vs values. The relation
between Vp/Vs and fluid content is, however, complicated by additional influences of
pore  space  geometry  and  pore  pressure  (e.g.  Nur  &  Simmons  1969;  Mavko  &
Mukerji  1995;  Takei  2002).  In the following the lithological nature of  the major
features in our Vp and Vp/Vs tomograms is interpreted and their possible relation
to the earthquake swarm around Nový Kostel is discussed.
➢ Cheb basin shows low-Vp anomaly
Our tomography study reveals for the first time a velocity anomaly which reflects
the geometry of the Cheb basin (see dashed outline in Figs. 4.16 and 4.18). The
tomographic  investigations  of  Růžek  &  Horálek  (2013)  and  Alexandrakis  et  al.
(2014)  did  not  provide  hints  for  such  an  anomaly.  The  larger  number  of
seismological stations used in our case might be the reason for this difference. Low-
to-moderate Vp values between 4.7 km/s at the surface and 5.5 km/s at 2.5 km
depth indicate that the basin is not filled by very soft and unconsolidated material
(Figs.  4.16,  4.17).  This  could  be  related  with  a  predominant  input  of  eroded
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crystalline  hard  rocks  from  the  surrounding  Bohemian  Massif  into  the  basin.
Remarkably, we see no continuation of the Cheb basin velocity anomaly into the
Eger rift. From this observation we infer a particular role of the Cheb basin within
the rift system. Deeper rooted up-doming, extensional or more complex processes, or
possible  effects  from  very  localized  crustal  and  sub-crustal  structures  can  be
assumed to explain the local character of the basin. Noteworthy, north of the Cheb
basin we observe a slightly smaller and shallower basin structure with similar P-
wave  velocities  as  imaged  within  the  2.5  km  depth  slice  (Fig.  4.16).  To  our
knowledge, this was not named as a distinct geological feature so far.
Underneath and outside of the Cheb basin and the smaller basin to the North, P-
wave velocities show values in the range of 5.7 km/s to 5.9 km/s near the surface
and values of 6 km/s to 6.2 km/s at upper crustal levels. These observations are in
agreement with an interpretation of a predominantly granitic composition for the
abundant  crystalline  rocks  of  the  Bohemian  Massif.  This  interpretation  is  also
supported by the estimation of in-situ Vp values for granitic rocks within the study
area based on laboratory measurements (Pros et al. 1998). The distribution of Vp/Vs
values is not showing a simple pattern which could be used to distinguish between
basin  sediments  and  the  crystalline  basement.  At  least,  there  is  a  tendency  of
higher Vp/Vs values found within the central parts of the basin regions (Fig. 4.18).
This can be explained by generally larger porosity in sedimentary rocks, and the
related capacity to absorb larger amounts of fluids.
➢ Fluid outflow at the Bublák/Hartoušov mofette fields
As an interesting observation a steep channel of high-Vp/Vs within the Cheb basin
was found (Fig. 4.18 and profile A in Fig. 4.19). It can be followed from the surface
down to about 4 km depth. If only the geometry is considered, the channel can be
further tracked down to the location of  the earthquake swarm (profile A in Fig.
4.19). Along this way, Vp/Vs is changing from increased values of 1.75 at the surface
to  average  values  of  1.7  within  the  swarm  cluster.  The  surface  outcrop  of  the
anomaly coincides with the location of the Bublák/Hartoušov mofette fields.
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Our  interpretation  is  that  the  channel  represents  a  pathway  for  fluids  which
originate from magmatic sources in the deeper crust or upper mantle which are
passing  the  earthquake  swarm focal  zone.  This  argumentation  is  following  the
proposed scenario suggested by Weise et al. (2001) which was based on geochemical
sampling of fluids and gas emissions measured at the Bublák mofette. The Vp/Vs
within this channel is highest in the upper, sedimentary parts of the fluid pathway
because of  the potentially high porosity  in sedimentary rock.  Within the deeper
parts  of  the  pathway,  down to  the  depth of  the  earthquake  swarms,  the  Vp/Vs
values are still larger than in the surrounding upper crustal rocks. We assume that
fluids are transported along fractures in this part of the channel.
➢ Seismic properties within swarm focal zone
Vp/Vs values found within the swarm focal zone are in agreement with a previous
studys  by  Dahm  &  Fischer  (2013).  However,  a  detailed  comparison  should  be
considered carefully, because the tomographic models was derived based on a longer
period  of  seismicity  observations  whereas  Dahm  &  Fischer  (2013)  focussed  on
temporal changes of Vp/Vs before, during and after single swarms. Dahm & Fischer
(2013) used double-differences in traveltimes for pairs of earthquakes to estimate
Vp/Vs  values  within  the  swarm region.  Inside  the  focal  zone  they  found  short
periods of strong decrease in Vp/Vs as low as 1.33 during the initiation of swarm
activities  and  an  increase  to  saturation  values  of  around  1.7  when  the  swarm
decays. According to Dahm & Fischer (2013) the very low-Vp/Vs values could be
explained  by  overpressurized  gas  in  the  establishing  phase  of  the  swarm.  Our
tomography delivered velocity ratios of around 1.7 in the earthquake swarm region
similar  to  the  values  determined  by  Dahm  &  Fischer  (2013)  when  only  the
background  seismicity  was  considered.  Values  of  around  1.7  are  not  very  high
compared to global average Vp/Vs values. However, these values in the focal zone
are still larger than within the surrounding granitic crust where values of around
1.65 are  obtained  (Fig.  4.19).  In  our  interpretation the  slightly  increased Vp/Vs
values are related to fluids which are passing the fractured earthquake zone. 
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Considering Vp, the swarm focal zone cannot be associated with a distinct anomaly.
Tentatively, we would expect low P-wave velocities as an effect of fracturing and
damaging within such a zone of repeating seismicity. Instead, the earthquakes are
located in a transition zone between normal crust and a high velocity crustal body
imaged below and north of the swarm (Fig. 4.19).
Fig.  4.20  : Conceptual  model  showing  major  crustal  features  as  imaged  and
interpreted in this study. The colored background represents the Vp/Vs distribution
along profile A (Fig.  4.19).  The indicated intrusive body was first  identified and
interpreted within the 11 km depth slices of Vp (Fig. 4.16) and Vp/Vs (Fig. 4.18).
Potential  fluid pathways are  identified based on a  channel-like  increased Vp/Vs
structure. Crustal fluids and supercritical fluids from greater depths may trigger
earthquakes  and are mixed before  their  ascend to the Bublák/Hartoušov mofette
fields.
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➢ Mid-crustal intrusive body stimulates fluid flow and 
earthquake swarms
Our tomography revealed an anomalous crustal body located just below and north of
the earthquake swarm zone. The feature is most obvious at the 11.5 km depth slices
of  Vp (Fig.  4.16)  and  Vp/Vs  (Fig.  4.18)  where  it  is  highlighted  by  a  red-colored
ellipse.  P-wave velocities  reach values as  large as  6.5  km/s within the anomaly
against  average  values  of  about  6  km/s  in  the  surrounding  crust  (Fig.  4.16).  A
similar pattern is imaged by Vp/Vs (Fig. 4.18). With reference to the average value
of 1.70 derived by the Wadati diagram, increased velocity ratios within the zone of
high-Vp  and  decreased  velocity  ratios  in  the  surrounding  crust  is  observed.
Assuming  a  lithostatic  pressure  of  larger  than  300  Mpa  at  11  km  depth  and
referring to petrophysical data presented by Christensen (1996) the anomaly values
of 6.5 km/s in Vp and 1.75 in Vp/Vs can be assigned to a Diorite composition. The
surrounding crust with Vp values of around 6 km/s and Vp/Vs values of around 1.65
can be explained by a quartz-rich granitic composition. Considering the distribution
and juvenescent shape of the anomalous body at shallower depths (Fig. 4.16) the
anomaly  is  interpreted  as  a  solidified  igneous  body  which  intruded  into  a
reactivated  crust  during  the  formation  of  the  Cheb  basin  and  Eger  rift.
Alternatively, the intrusive body could be older than the basin and rift structures,
and, possibly, influenced the location of the extensional features.
Weise et al. (2001) supposed that earthquake swarms are triggered by supercritical
fluids  ascending  from deeper  magmatic  sources  occurring  within  the  mantle  or
around Moho depths.  The earthquake processes could lead to a mixing of  deep-
sourced  supercritical  fluids  and  crustal  fluids,  which  further  propagate  to  the
surface along potential fluid pathways (Weise et al. 2001). Our tomography brings a
new feature into this proposed scenario. As shown in Fig. 4.20, we assume that the
found intrusive body could be part of the fluid pathway from the mantle through the
earthquake  zone  up  to  the  Bublák/Hartoušov  mofette  fields  at  the  surface.
Additionally, we speculate that enhanced fluid flow could be driven by a thermal
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anomaly associated with the assumed solidified instrusion if  cooling is  not  fully
completed (Kato et al. 2010). The fluids can reduce the shear strength and stimulate
earthquakes within the swarm focal zone. Moreover, the intrusive body represents a
pronounced heterogeneity within the crust and this might lead to increased stress
which could contribute to the triggering of earthquakes in the swarm focal zone.
➢ RMS reduction
The final RMS value for the inverted 3-D model is an important issue, because the
iterations should be stopped if the final RMS error drops below the average picking
error, if not, only noise is fitted. 
Fig. 4.21 : RMS distribution after 3-D inversion. 
The high final RMS value (0.06 s) in 1-D model obviously indicated that this rough
average model could not describe the structural heterogeneity of the medium (as
discussed in Section 3.3.1). 
The RMS value in finest  grid node inversion is  0.035 s  which is  slightly above
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average picking error. The decrease of RMS at each step of graded inversion shows
that significant amount of structural information contained in the travel time data
has been imaged. 
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Attenuation tomography
5.1 Introduction
Beside travel-time tomography, I performed attenuation tomography for the upper
crust in West Bohemia. The attenuation tomography builds on the results of the
velocity tomography and the associated hypocenter locations. The aim of applying
attenuation tomography is to provide a supplemental information for the previous
knowledge of swarms focal zone and fluids behavior in West Bohemia based on P-
wave  velocity  and  Vp/Vs  ratio  (chapter  4).  Advantages  of  investigating  seismic
attenuation is its sensitivity to temperature and fluid content of rocks. Moreover
attenuation  varies  much  more  than  velocities  due  to  some  significant  rock
properties  (e.g.  saturation,  porosity,  permeability  and  viscosity),  therefore  it
provides further insight into the region.
In  this  dissertation,  body  wave  attenuation  ( t * )  which  is  also  called  'path
average attenuation' is used as the parameter that will be imaged. Sections of this
chapter include the theoretical background of seismic attenuation, the method and
steps of the data processing and error assessment, the inversion for t * calculation
and finally attenuation tomography, its resolution tests and results.  Some figures
and text of this chapter are taken from my submitted manuscript to Tectonophysics
(Mousavi et al. 2016).
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5.2 Seismic attenuation
Seismic attenuation is the loss of energy of a seismic wave when passing through a
medium (e.g., Aki and Richards, 1980). Seismic waves attenuate due to anelastic
and elastic processes. Geometrical spreading, multipathing and scattering are the
elastic processes in which energy in the propagating field is conserved. In contrast,
anelastic attenuation is the process by which the elastic energy is lost (e.g. Pujol
2003). 
Geometric spreading is the most obvious cause of seismic wave amplitudes decay
with distance where the wavefront spreads out and energy per unit square becomes
less. Energy is conserved on the growing rings of wavefront whose area is 4 π r2 ,
where r is the distance from the source. Thus the energy per unit wave front area
decreases as 1/r2 , while the amplitude decreases as 1/r .
Multipathing  occurs  when  a  strong  high  velocity  anomaly  exists  in  waves  path
therefore waves choose the alternative paths to the receiver. 
Scattering  attenuation  can  be  described  as  the  redistribution  of  energy  at  3-D
heterogeneities  in  the  subsurface.  It  occurs  when  scale  length  of  velocity
heterogeneities is similar to the seismic wavelength. These scattering events are the
cause for the generation of the seismic coda signal (Aki 1969; Aki & Chouet 1975).
Intrinsic  attenuation  is  the  loss  of  elastic  energy  and  is  associated  with  the
permanent deformation of the medium. This process is not completely reversible.
The mechanisms that are responsible for intrinsic attenuation include movement
along minerals, frictional sliding on grain boundaries, vibration of dislocations, and
fluid  flow across  grain  boundaries.  The effect  of  these  factors  on  attenuation  is
different.  Intrinsic  attenuation  of  minerals  is  small  whereas  viscous  dissipation
(Mavko  et  al. 1979;  Walsh  1995),  presence  of  water,  temperature  and frictional
sliding  between  grains,  have  higher  impact  on  attenuation  (e.g  O’Connell  and
Budiansky, 1977, Johnston et al. 1979; Sato et al. 1989; Peacock et al. 1994; Winkler
and Murphy, 1995). Generally, pore fluid pressure increases attenuation (Tompkins
and  Christensen,  1999)  and  dry  compacted  rocks  are  associated  with  low  to
moderate attenuation. 
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Theoretical  and  experimental  studies  show  that  combination  of  two  main
mechanisms,  intrinsic  and  scattering  attenuation  is  responsible  for  the  seismic
attenuation (Aki & Chouet 1975; Singh & Herrmann 1983; Sato & Fehler 1998).
Some authors argued that scattering attenuation plays a more important role than
intrinsic attenuation (Tsujiura 1978 and Aki 1980) while the other group presented
the opposite opinion (Frankel & Wennerberg 1987). For West Bohemia, Gaebler et
al. (2015b)  determined  scattering  and  absorption  parameters  by  inversion  of
envelopes  with  radiative  transfer  theory.  They  found  that  intrinsic  attenuation
dominates over scattering attenuation in this region for frequency bands from 3 to
24 Hz. Bachura and Fischer (2016) determined Qc (coda attenuation) and measured
the  amount  of  intrinsic  and  scattering  attenuation.  They  also  concluded  that
intrinsic attenuation is dominant in the frequency range 1-18 Hz, and that intrinsic
attenuation in West Bohemia is higher than that of neighboring areas in Germany.
In this study, I present the first detailed 3-D P-wave attenuation model for West
Bohemia.  Attenuation  tomography  supplies  independent  constraints  on  derived
anomalies in seismic velocities and Vp⁄Vs ratios (chapter 4). As such, using seismic
attenuation as an imaging tool identifies spatial variations in fluid behavior in Nový
Kostel and provides further insight into the earthquake swarm focal zone. 
5.3 Methodology
The attenuation of seismic waves is often referred to the inverse of the quality factor
Q or Q-¹. The Q-value represents a measure of the loss of wave energy (ΔE) per cycle
of wave oscillation energy:
Where E is the energy of the propagating seismic waves, ∆E is the dissipated energy
per cycle and ω is angular frequency (Aki and Richards, 1980). 
Assuming  a  medium with  a  linear  stress-strain  relationship  the  seismic  waves
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amplitude A is proportional to the square root of the energy E1/2 . It should be
noted here that the amplitude A may represent a maximum particle velocity or a
stress component in the wave. This can be expressed mathematically as (Aki and
Richards, 1980):
We can rewrite eq.  5.2,  in terms of  the amplitude decay due to attenuation.  To
distinguish the effect of  time or distance in attenuation and quantify them in a
function, both mathematical models in the temporal and spatial decay are presented
as follows (see Aki and Richards (1980) for more detail):
where A0 is the initial amplitude, ω is angular frequency, ν is phase velocity,
A (t ) is the seismic wave amplitudes after propagating for a time t and A (x )
represents the seismic wave amplitudes after propagating for a distance x.
One of the main issues in seismology is how to differentiate the effects of source,
path, and site in seismograms. The worst scenario perhaps happens when we study
small  earthquakes,  since the higher frequencies which are  needed to define  the
smaller sources are most affected by attenuation along the path and by near-surface
site effects. Several techniques have been developed to separate the source and site
terms from the recorded seismograms in attenuation estimation (e.g. Feustel, 1998).
Two main methods that can directly determine attenuation are time-domain and
frequency-domain  techniques.  In  the  time-domain  technique,  we  use  waveform
modeling and the attenuation model is the model which best fits the data. In the
frequency-domain technique, the attenuation model is solved for the best fit of the
spectra  of  the  seismic  waveforms.  Theoretically  both  of  these  techniques  are
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equivalent, but usually different results are obtained due to modeling assumptions
and measurement biases associated with each technique. The investigations proved
that  no  single  method  is  generally  superior.  Rather,  some  methods  are  more
suitable than others in specific situations depending on recording, noise or geology.
Nevertheless,  due  to  reliability  and  simplicity  in  application,  frequency  based
methods  are  more  common  approaches  in  attenuation  estimation.  In  this
dissertation,  a  spectral fit routine (Haberland and Rietbrock, 2001) is used which
solves  for  frequency-independent t * (body  wave  attenuation)  values.  The
robustness of this method has been shown in a number of studies (e.g., Eberhart-
Phillips and Chadwick 2002; Haberland and Rietbrock 2001; Rietbrock 2001; Schurr
et al. 2003, Muksin et al. 2013, Bohm et al. 2013). Furthermore, Eberhart-Phillips et
al. (2008) showed that t * values of locally recorded, high-frequency earthquakes
with and without the frequency-independent assumption, are similar. 
The source and attenuation parameters for an individual ray path from earthquake
swarm to receiver can be determined by relating the observed spectrum of each
station  to  its  attenuation,  source  parameters,  geometrical  spreading,  and  site
response (e.g., Sanders 1993) as:
where f is  frequency, A i , j is  the  observed  body  wave  spectrum  of  the  jth
earthquake  recorded  at  the  ith station, S j is  the  source  spectrum, Ii is  the
instrument  response, Ri is  the  receiver  site  effect,  Gi , j is  the  geometrical
spreading, t *i , j is  path-averaged  attenuation  value  and  the  exponential  term
describes the high-frequency fall-off due to attenuation. Geometrical spreading is
considered  to  be  independent  from frequency and only  depends on the  distance
between the source and the receiver. The source spectrum S j( f ) can be described
as follows (Scherbaum 1990):
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where f cj is  the corner  frequency, Ω0 j is  the spectral  moment,  and γ is  the
source spectral fall-off (Lees and Lindley 1994).
Replacing the equivalent of S j( f ) from eq.5.6 into eq.5.5 gives us: 
where Ω0 'i , j is  the  signal  moment  including  all  frequency-independent
amplification factors (the spectral moment, geometrical spreading, instrument gain
and first order – i.e. frequency independent – site amplification) (e.g. Haberland &
Rietbrock 2001). Assuming a Brune source model with γ=2 (Brune 1971; Hanks
& Wyss 1972), eq. 5.7 is solved for three free parameters f cj , Ω0 'i , j and t *i , j by
iterative damped least square method for each observation, involving a grid search
over a range of f c by minimizing the difference between observed and calculated
spectra. A common source corner frequency for all observations of one earthquake
restricts the range of allowable corner frequencies to follow acceptable values.
Once t *i , j values are determined, they can be inverted for the Qp structure. The
t * i , j is  related  to V p(x , y , z) (P-wave  velocity)  and Q p(x , y , z) along  the  ray
path (Hough et al. 1988). The local site effect can be described by a station constant
t 0* that can be included in the inversion (Anderson and Hough 1984).
where dr is an element along the path.
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5.4 Data analysis and t * inversion
For the attenuation study I selected stations running at a sampling frequency of 100
samples per second (sps) or higher. Data with a sampling frequency higher than 100
sps were down-sampled to 100 sps. Stations used in this study have a flat response
in the examined frequency band, 1-30 Hz, hence I did not correct for instrument
response.
The  data were  then fed into  a  spectral  fitting routine  following  Haberland and
Rietbrock (2001). On each waveform, first a 2.56 s-window (256 samples) around P-
wave is selected to calculate the signal spectrum using the multitaper approach
(Park  et  al. 1987).  The  same was  performed for  a  time  window preceeding  the
selected P-wave window to obtain the noise spectrum (Fig. 5.1). 
The selection of an event requires two criteria: 1) S-P travel-time difference larger
than 1.28 s to avoid contamination of the P spectrum with S-wave signals, and 2) a
minimum allowable signal to noise ratio of  2 over a continuous frequency range
from 1 to 30 Hz. Considering these restrictions we have 168 events recorded at 63
stations providing 2061 calculated t * values in an area within longitude 11 to 13.5
and latitude 49 to 51.05. Due to lack of intersecting rays within the area, we decided
to exclude far stations to avoid extra smearing and projection of anomalies from
broader areas into the focal zone for the purpose of the tomographic inversion. In
this way, we come up with 163 events recorded at 45 stations resulting in 1602
calculated  spectra.  Fig.  5.2  gives  the  location  of  events  and  stations  used  for
attenuation tomography. 
To include the quality of each individual spectra, the inversion method deals with
relative weighting of the data and not with the absolute data error values of each
individual spectrum, the inversion method uses relative weighting of the data. The
weights are calculated from the RMS-values of the spectral fits and classified into 5
classes (0 for full weight and 4 for zero weight). 
Site effect usually shows up as characteristic distortions of the spectra (e.g., spectral
exaggerations or holes). Therefore, it will in every case yield poor spectral fit and
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therefore higher weight class in the inversion. Fig. 5.1. shows an example of fitting
t * for one event where the recording station MROB is affected by site effect.
The t /t * or Qp values of  four events during the swarm 2008 recorded by each
station are shown in Fig. 5.3. A systematic trend can be observed: high attenuation
(Qp under 200) at stations close to the epicenter and less attenuation (Qp over 500)
further  away.  This  points  toward  increased  attenuation  in  the  immediate
neighborhood of the earthquake swarm area, whereas the broader regions mostly in
Germany is known to have high Qp. This observation comes along with the results
of Bachura & Fischer (2016).
The uncertainty of t * values can be estimated by analyzing neighboring ray paths
for closely located events (possibly with different source parameters, i.e., different
f c ) recorded at the same station (for which similar values of t * are expected).
To derive t * uncertainties, the upper crust is divided into 500×500×200 m³ cells.
The  variation  of t * values  generated  from  earthquakes  within  each  cell  (only
those which contain more than 2 events)  and recorded at a common station are
calculated relative to its mean value (Fig. 5.4a). The t * values show more or less
consistent deviation relative to  their  averages.  Histogram of t * variation along
common ray paths relative to their averages reveals standard deviation of ~ 0.005 s
(Fig. 5.4b). This value is representative for the uncertainty of the t * data set. The
similar t * values for the neighboring rays which originated from closely located
but different sources, indicate that the spectral inversion method has been able to
successfully separate the source and the path effects.
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Fig.  5.1  : The  calculation  of t * values  using  spectral  analysis  of  six  records
(stations WERD, POC, ZHC, GUNZ, VIEL and MROB) of an event located in Nový
Kostel occurred on 2008-10-12T07:44:56. t is traveltime, w is the weight representing
the quality of the waveforms. f c  is the source corner frequency which in this event
has  value  of  8.9.  The  top panels  show the  normalized time-series.  The  signal  is
within  the  darker  shading  windows  following  the  noise  in  the  lighter  shading
windows.  The  bottom  panels  show  the  noise  spectrum  (dashed  lines),  signal
spectrum (black  lines)  and  estimated  spectrum resulting  from spectral  inversion
(light- bold lines). 
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Fig. 5.2 : Distribution of stations  (black triangles) and events used in attenuation
tomography (white circles). Ray coverage are shown by gray lines. 
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Fig.  5.3  : Estimated  t/t*  or  Qp  values  of  all  observing  stations  of  four  events
(marked by star) located in swarm area of Nový Kostel. Events date are indicated on
the top-left side of each panel.
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Fig.  5.4  : For  estimating  the  uncertainty  of  the  derived t * values  for  closely
located events observed at a particular station. (a) Comparison between t * values
and the average of t * of each cell. (b) The standard deviation is 0.005 s, which is
assumed to be the average uncertainty of the t * value.
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5.5 Attenuation Tomography
The determined t * values can be used to estimate the 3-D Qp structure. For this
purpose  the  modified  version  of  SIMUL2000  for  Qp  inversion  (Thurber  1983;
Eberhart- Phillips & Michael 1998; Rietbrock 2001) was used. The inverse problem
is solved by an iterative, damped least square method for model perturbation to
minimize  the  residuals (t obs
* −tcal
* ) ,  where t cal
* is  determined  from  the  initial
model  or  the model  from the previous iteration.  The updated SIMUL2000 holds
velocity and hypocenters fixed and inverts t * values for Qp. According to eq. 5.8,
the studied area is parametrized by the product of Qp and P-wave velocity in a 3-D
grid node volume where the P-wave velocities are taken from chapter 4. The Qp
varies  continuously  in  all  directions  with  trilinear  interpolation  between  the
surrounding nodes. The distance between grid nodes should be selected to yield a
fair  compromise  between robustness  of  the  inversion  and reasonable  resolution.
After intensive tests for different grid sizes, considering stations, events and ray
paths,  location  of  grid  nodes  are  set  to  be  identical  to  that  of  the  traveltime
tomography (chapter 4). The difference here is that the outermost nodes have larger
spacing to cover the distant earthquakes and stations (Fig. 5.2). Inversion tests with
slightly different grid spacing showed similar results.
The optimal damping for Qp is selected by running a series of inversions with a
large range of damping values and plotting the data misfit versus model variance
known as L-curve (Fig. 5.5) (Eberhart-Phillips 1986). The damping value of 0.003
produces a good compromise between data misfit and model variance and is used for
the final attenuation inversion. Different damping values in the inversion yield very
similar pattern of anomalies and only change the amplitude of anomalies. 
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Fig. 5.5 :  Trade-off curve between data misfit and model variance for attenuation
inversion. The optimal damping parameter for Qp inversion is 0.003.
It is well known that tomography models are highly dependent on the initial model.
I search an optimum Qp value in a uniform half space model within a wide range of
Qp between 100 and 1000. The resulting 3-D tomography models generally show
qualitatively similar shape of anomalies. To obtain a reliable Qp model, the average
value of all t /t *  (Q=230) is chosen as the initial model. This average value best
explains  the  data  and  the  generated  model  seems  to  be  close  to  the  "real"  Qp
distribution in the subsurface.
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5.6 Model resolution tests
For  resolution testing I  examine the model  resolution matrix and two synthetic
tests; (1) checker-board test and (2) characteristic model. Regarding that no single
resolution  test  can  completely  assess  the  differences  between  well-resolved  and
poorly resolved regions of  a model,  a  good combination of  several tests specifies
which parts of the model are robust and believable.
The most commonly used synthetic test is the checker-board test. For the checker-
board tests, the background model Qp = 230 (according to the initial model for the
real inversion) is perturbed by ±60% (similar to that of recovered from real data), for
the low and high Qp anomalies across 3×3 grid nodes laterally and alternating at 2
grid nodes vertically. Synthetic t * values are computed through the checker-board
model  for  the  same  distributions  of  hypocenters,  station  locations,  and t * ray
paths  as  the  real  data.  In  order  to  simulate  similar  conditions  as  in  the  data,
Gaussian noise with a standard deviation of 0.005 s equivalent to the estimated
average uncertainty of the real t * values (Fig. 5.4b) is added to the synthetic t *
values. Map views and cross sections of the inverted Qp models are shown in Figs.
5.6 and 5.7. The checker-board blocks located in the center are recovered and are
considered as 'well resolved'. The best recovery is found at Nový Kostel owing to the
intense seismic activity. The western edge of the study area is poorly resolved due to
the lack of crossing rays. The resolution at very shallow and deep layers is limited.
Cross sections (Fig. 5.7) along profiles B and C are also provided to show vertical
smearing. In profiles B and C at longitude range 12.2 to 12.4 and in profile A from
latitude 50.17 to 50.30 the model is generally well resolved. 
The  characteristic  model  test  works  with  similar  principles.  Inspired  by  the
tomography of  the  real  data,  our  characteristic  model  includes  three  patches  of
highly attenuated (low Q) anomalies in Nový Kostel and its northern neighborhood
down  to  depth  of  5.5  km,  which  then  continues  down  to  depth  of  8.5  km
(concentrated within the swarm focal zone) while the size gradually decreases. 
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Fig. 5.6 : The checker-board models, characteristic model and spread function at
depth of 2.5, 5.5 and 8.5 km used to analyze the quality of the results. The blue and
red boxes in the left indicate the high and low Qp values in checker board tests,
similarly red boxes in middle panel are indication of low Qp in characteristic tests.
The right panel shows the spread values. Arrows show the major smearing outside of
anomaly outlines.
104
ATTENUATION TOMOGRAPHY
Fig. 5.7 : The Same as Fig.5.6 the checker-board test, characteristic test and spread
function values for cross sections A, B and C.
The recovered model at 2.5 km and 5.5 km depth (Fig. 5.6, middle panel) shows
some  strong  patches  of  smearing  (marked  by  black  arrows).  Recovery  in  cross-
sections is fairly good although the effect of smearing is still visible. We carefully
consider these recovered tomograms when it comes to interpretation of real data.
The spread values for three depth slices together with the indicated cross-sections
are shown in Figs. 5.6 and 5.7. The cross sections clearly show that spread values in
the swarm region and neighboring areas are mainly low so that we expect a good
resolution. In shallow layers, where rays diverge towards the location of stations,
spread values increase.
Putting  all  resolution  tests  together  and  comparing  well  resolved  parts  of  the
checker-board test with the characteristic test and spread function values helps us
to define areas of low resolution and detect possible artifacts. In this study, as the
conditions for the tomography are not ideal (source/receiver geometry in conjunction
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with  the  presumed  structure/anomalies),  we  decided  to  be  very  conservative  in
choosing the acceptable value of spread function. Areas with spread function values
lower  than  2  are  considered  as  well-resolved  and  values  between  2  and  3  are
considered to be  moderately resolved with smearing.  For  real  data presentation
(section 5.7), the moderately resolved parts will be shown with faded intensity and
non-resolved parts are suppressed.
5.7 Results
The results of 3-D tomographic inversion for Qp including three map views at grid
nodes 2.5, 5.5 and 8.5, and three cross-sections (A, B and C) are presented in Figs.
5.8.  and 5.9  respectively.  The location of  these profiles  can be  found within the
horizontal slices.  To present seismicity the surface projection of the seismic events
used in Qp tomography were included onto the map views (Fig. 5.8). For vertical
sections, seismic events within 1 km distance around the section are projected onto
each profile (Fig. 5.9). 
Horizontal slices reveal highly attenuating (Qp<150) features (Figs. 5.8 and 5.9) at
shallow depths, ~ 2.5 km, located within and north of Nový Kostel area which then
merge into one body at greater depth, surrounding the swarm hypocenters. From
the  characteristic  tests  we  know that  shallow depths  are  affected  by  smearing.
Hence, some smearing can be expected for the shallow low Qp bodies in the Nový
Kostel area (see the black arrows in Fig. 5.6).
Another  pronounced,  attenuated  upper  crustal  anomaly  which  also  shows  high
Vp/Vs is imaged at German-Czech border close to the quaternary volcano KH. The
tomograms at location of this anomaly are blurry due to insufficient crossing rays,
indicating that the location at depth is most likely due to smearing rather than a
real deep-stretched feature. Despite the lack of resolution at depth, the relatively
higher attenuation beneath this area has some degrees of certainty. 
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Fig. 5.8 : The map view of the attenuation structure (left panel), the Vp structure
(middle panel) and the Vp/Vs structure (right panel) at depths of 2.5, 5.5, 8.5 and
11.5 km. Seismic event locations are plotted as gray circles.
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Fig. 5.9 : The vertical cross-section along the three profiles (A–C indicated in Fig.
5.8) of: the Qp structure (left panels).
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Since  rays  reach  our  stations  at  near  vertical  angle,  existence  of  very  shallow
anomalies might affect the final outcome. By allowing some degree of freedom to be
absorbed by a 'delay' at each station, we can estimate such scenario. Fig. 5.10 shows
all stations have large station delays ( t 0i * ) except for those located at western
margin.  Large  station  delays  in  Nový  Kostel  and  its  vicinity  suggest  the
continuation of the high attenuating anomaly in the swarm focal zone up to the
surface.
Fig. 5.10 : Station delays in seconds. Red crosses and blue circles with different size
symbolize different rate of station delays.
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Interpretation and conclusions 
In this  dissertation the results  from P and S-wave travel  time tomography and
attenuation tomography for the earthquake swarm region in West Bohemia (Czech
Republik) / Vogtland (Germany) were presented. 
In  travel  time  tomography,  a  large  number  of  widely  distributed  seismological
stations, revealed more details of Vp and Vp/Vs in the upper and middle crust in
comparison with previous investigations. For the first time, the Cheb basin and the
Bublák/Hartoušov mofette fields located within the basin are imaged by distinct Vp
and  Vp/Vs  anomalies  and  a  high  Vp/Vs  channel  could  be  tracked  down to  the
earthquake swarm hypocenters. This image is proposed to be a fluid pathway. A
new feature with high Vp and increased Vp/Vs was found below and north of the
swarm focal zone. This anomaly is interpreted as a solidified intrusive body which
emplaced  prior  or  during  the  formation  of  the  Eger  rift  and  Cheb  basin.
Earthquakes are concentrated at the southern boundary of the assumed intrusive
body, at the junction of the rift and the basin. The solidified intrusive body was
assumed to provide fluids and gas which propagate towards the earthquake swarm
focal zone along pathways formed along weak structures at the junction of the rift
system and the Mariánské Lázně fault zone.  The intruded mid-crustal body might
contribute to the triggering of the earthquakes not only by delivering fluids into the
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focal  zone. The  intrusive  body  was  speculated  to  lead  stress  accumulations
particularly  at  the  junction  of  the  Eger  rift,  Cheb  basin  and  MLF.  This  could
potentially support the triggering of earthquakes in the swarm focal zone. 
The attenuation for stations in the neighbourhood of the focal zone is much higher
than attenuation for the stations which located further away mostly in Germany
where is known to have high Q (Gaebler  et al. 2014a; SensSchönfelder & Wegler
2006). The average Qp value of ~230 in this region is much lower than in the rest of
central Europe. The attenuation study revealed a number of prominent anomalies of
low Qp (<150), which can be related to well-known features of West Bohemia. These
anomalies  are  located  at  (1)  Nový  Kostel,  covering  the  earthquake  swarms
hypocenters, (2) the northern vicinity of Nový  Kostel,  and (3) the Czech-German
border close to the KH volcano. 
(1) Swarm area
The earthquake swarm region is probably the most extensively studied area in West
Bohemia.  Earthquake  swarms often  suggest  fluid  movement  in  critically  loaded
fault zones (Hainzl and Fischer, 2002). While most fluids at shallow depth in west
Bohemia may be of meteoric origin, the high ratio of He and C isotopes connected
with swarms suggest that some fluid originated from mantle (Bräuer  et al. 2005).
The increasing Vp/Vs values observed within the Nový Kostel seismicity cluster at
profile A (Fig. 6.2) were interpreted as indication for a fluid passage toward the
surface (chapter 4). The low Qp values in the location of Nový Kostel on profiles A
and B, extends deep down to ~ 11 km (Fig. 6.2, left panels) and encompasses all
hypocenters.  Although the resolution  of  the  Qp model  is  not  comparable  to  the
velocity tomography (chapter 4), the low Qp anomaly within Nový Kostel resolved
reasonably well and suggests the presence of high fluid pore pressures in the weak
and damaged zone of earthquakes. 
The  processes  of  swarm  earthquakes  in  Nový  Kostel  seems  to  be  similar  to
earthquake swarms in the active continental rift in New Zealand (Reyners  et al.
2007) where fluids play an important role in triggering lower-crustal earthquake
swarms.  Here  we  see  this  in  upper-crust  as  well.  Another  similar  condition  is
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observed in KTB by Müller and Shapiro (2001) that a fluid filled crack system acts
as  a  possible  source  of  strong  scattering  attenuation.  Same  study  observed  a
significant intrinsic attenuation for the frequencies less than 30 Hz in this region. 
Fig. 6.1 : The map view of the attenuation structure (left panel), the Vp structure
(middle panel) and the Vp/Vs structure (right panel) at depths of 2.5, 5.5 and 8.5
km. Seismic event locations are plotted as gray circles. Cenozoic volcanic rocks and
KH volcano are  shown as hatched area and triangle  respectively.  9HR profile  is
indicated by a dark line. The Vp and Vp/Vs structure are obtained from chapter 4. 
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Fig. 6.2 : The vertical cross-section along the three profiles (A–C indicated in Fig.
6.1) of: the Qp structure (left panels), the Vp structure (middle panels) and the Vp/Vs
structure (right panels). The Vp and Vp/Vs structures are obtained from chapter 4. 
According to Mullick et al. (2015) fluids from a semi permeable zone located bellow
earthquake focus intrude and produce the earthquake swarms. We speculate that
the low Qp bodies could be an indication of uprising fluids in permeable channels.
Therefore  fluids  pressure  seems  like  a  plausible  explanation  of  the  seismicity
distribution in Nový Kostel.
(2) Low Q anomalies north of Nový Kostel
We also observed two high attenuating anomalies located at north-east and north-
west of Nový Kostel with Qp lower than 150 at 2.5 km depth (Fig. 6.1, left panels).
These features correlate well with the estimated low values of Poisson's ratio in the
north of Nový Kostel by  Růžek & Horálek (2013). The low-Qp anomalies in Nový
Kostel and its northern vicinity are imaged as three patches in shallow depth (~2
km) but at depths greater than 5.5 km, they merge into a single anomaly. It seems
that they are constructing different branches of high attenuating channels which
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originated from the swarm focal zone (Fig. 6.1 and 6.2, left panel).  We interpret
these high attenuating tunnel-like anomalies as the ascent of fluids from a common
root  via number of  paths to the surface. The magmatic  intrusive body which is
imaged in the velocity tomography with high Vp and high Vp/Vs (Fig. 6.2, middle
and right panel)  might be the major degassing field of  fluids which forms over-
pressured fluid zones. This idea can be confirmed by the Vp/Vs tomography (profile
A of Fig. 6.2, right panels) where the originated fluids from the assumed intrusive
body are moving along a passage toward the surface. Helium and Carbon isotopic
investigation in the north of Nový  Kostel  by Bräuer  et  al. (2003) confirmed that
fluids  rise  up  in  different  channels  toward  the  surface.  However  in  their
investigation they found no trace of CO2-exhalation in the northern vicinity of Nový
Kostel and northward along the Mariánské Lázně fault. They proposed existence of
permeability  barrier  traps  at  top  layers  (near  the  surface)  which  keep  mantle
derived  fluids  from  ascending  vertically  and  consequently  cause  a  lateral
distribution.  We  speculate  that  the  over-pressured  fluid  rise  along  major  fluid
passages (our low Qp vertical anomalies) until they reach fluid caps at the shallow
layers, then they find their way in minor channels to the surface at the observed
fluid emission locations. Moreover, the large values of station delays might be due to
existence of fluids in shallower parts of the crust.
Another interesting result of this study is the low Qp anomaly at the north-east of
Nový Kostel where the seismic reflection profile ‘9HR’ (Tomek  et al. 1997) passes
through  it.  The  location  of  this  anomaly  coincides  well  with  a  sub-horizontal
reflector at 10 km distance from north-western end of 9HR profile at depths 5 to 8
km  (Fig.  6.3)  (Mullick  et  al. 2015).  This  reflector  was  interpreted  as  a  highly
fragmented  crust  where  fluids  from  lower  crust  can  rise  up  through  it  and
accumulate there. The low Vp and high Vp/Vs of this low Qp anomaly can be due to
increase in fracture in saturated rocks (Sanders et al. 1995). This led us to speculate
that fluid and gas accumulated adjacent to the swarm area which indicates fluid
flux below but not directly above it. Unfortunately, due to the lack of crossing rays,
the resolution in the peripheral edges of the model is limited, we are only confined
by some hint of these fluid transport features.
Altogether, we think that the low Qp bodies in Nový Kostel and its vicinities as
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indicated by fluid studies (eg. Weinlich  et  al. 1999) may represent parts of fluid
channels  which  allow  magmatic  fluids  originating  in  the  upper  mantle  to  rise
through the crust and cause the observed fluid emanations and earthquake activity
(eg. Fischer et al. 2014).
Fig. 6.3 : The NW part of the seismic reflectivity image from 9HR profile (Fig. 6.1)
close  to  the  swarm  area  (Mullick  et  al.  2015).  Reflector  A  imaged  as  a  low
attenuating body in tomograms.
(3) Anomaly around the border of Bohemia/Bavaria
At  the  southwestern,  well-resolved  part  of  the  tomographic  model,  around  the
border  region  between  Bohemia  and  Bavaria,  a  clear  anomaly  is  observed
particularly in Qp and Vp/Vs at the 2.5 km and 5.5 km depths slices (Fig. 6.1). The
feature appears with roughly circular shape in the depth slices and is characterized
by high Vp/Vs ratios, low Qp and increased Vp values. Comparison with geological
features mapped in the study area indicates that this anomaly coincides with the
distribution of some Cenozoic volcanic rocks (Fig 5.8). These young volcanic rocks
emplaced during multi-stage phases of volcanic activity accompanying the formation
of the Eger rift (Ulrych et al. 2000; Babuška et al. 2010). In general, volcanic rocks
are plausible candidates to explain low-Qp observations. The increased Vp/Vs ratios
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could  be  related  with  a  preferentially  basaltic  composition  of  these  rocks
(Christensen,  1996).  The  anomaly  is  well-pronounced  and  shows  strong  effects
particularly in Vp/Vs compared to other features (e.g. 2.5 km depth slice in Fig. 6.1).
This could be an indication for very young volcanism in comparison to other volcanic
features along the Eger rift in the study region. Alternatively, presence of fluids of a
distinct chemical composition of the volcanic material could be responsible for the
high Vp/Vs values of this anomaly.
Conclusions
Travel  time  and  attenuation  tomography  in  West-Bohemia/Vogtland  added  new
information to our knowledge about the area and swarm earthquakes.
Travel  time tomography  undertaken to  image the  Vp and Vp/Vs structure.  The
obtained tomographic images showed the existence of a mid-crustal magmatic body,
fluid path ways and their relation to mechanisms explaining the earthquake swarm
activity. Based on the results a model proposed, in which fluids propagate from a
magmatic  body  into  the  focal  zone  and  trigger  earthquake  swarm  activity.  In
addition, the emplaced magmatic body may locally increase tectonic stresses and, as
consequence, contribute to earthquake triggering. A further link is made between
fluids  released  from  the  magmatic  body  and  the  existence  of  the  Bublák  and
Hartoušov mofette fields at the surface.
The most important result of tomographic study was the evidence of an anomalous
volume with  a  very  low Qp value  located  at  the  Nový  Kostel  and  its  northern
vicinity.  The tomography results revealed high attenuating features beneath Nový
Kostel and its northern neighbourhood which construct branches of anomalies from
the  swarm  focal  zone  to  the  surface.  These  anomalies  were  interpreted  as
fragmented  zones  which  magmatic  fluids  can  transport  through  them  from  a
common root, bellow the swarm area, toward the surface. Such fluids may generally
be an important driver of crustal seismicity in Nový Kostel. The other interesting
result was to demonstrate and confirm the presence of a reflector in the north-east
of  Nový  Kostel  as  an  accumulating  zone  and  entrapment  of  highly  pressurized
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fluids. Furthermore, as indicated by large station delays, fluids could also exist in
shallower parts of the crust.
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Station information table
Table  A.1:  List  of  permanent  and  temporary  stations  that  were  used  in  this
dissertation. Note that stations with equal coordinates were renamed or operated by
University of Potsdam or the GeoForschungsZentrum (GFZ) at different times.
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Station Lon (°) Lon (°) Elv (m) Sensor Institution
AUC 12.71 50.62 446 LE-3D/1s U. Freiberg
AUM 12.68 50.61 398 LE-3D/1s U. Freiberg
AUP 12.68 50.64 374 LE-3D/1s U. Freiberg
B23 12.53 50.15 534 CMG-40T BOHEMA
BAC 12.84 50.09 570 TSJ10 SZGRF
BBRA 12.30 50.23 710 L-4C-3D GFZ
BERN 12.51 50.23 635 WDS 200 KRASNET
BG01 12.83 50.71 490 CMG-3ESP BOHEMA
BG02 12.75 50.45 874 CMG-3ESP BOHEMA
BG07 12.17 50.65 380 L4-3D BOHEMA
BG08 12.37 49.94 640 L4-3D BOHEMA
BG09 11.89 50.58 465 L4-3D BOHEMA
BG10 11.97 50.46 600 L4-3D BOHEMA
BG13 12.27 50.03 615 CMG-3ESP BOHEMA
BG18 11.74 50.19 615 L4-3D BOHEMA
BG20 12.67 50.89 300 L4-3D BOHEMA
BG21 12.54 50.06 460 L4-3D BOHEMA
BG22 12.61 49.94 665 L4-3D BOHEMA
APPENDIX A
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Station Lon (°) Lon (°) Elv (m) Sensor Institution
BG23 12.87 49.97 660 CMG-3ESP BOHEMA
BG24 12.76 50.03 745 L4-3D BOHEMA
BG25 12.60 50.28 660 CMG-3ESP BOHEMA
BG27 12.25 50.25 525 TSJ BOHEMA
BOH1 12.75 50.19 474 WDS 200 SZGRF
CAC 12.50 50.18 578 LE-3D WEBNET
CAF 12.59 50.43 895 LE-3D/1s U. Freiberg
CZS 12.65 50.60 460 LE-3D/1s U. Freiberg
FBE 13.35 50.92 234 LE-3D/5s U. Freiberg
FRAU 12.32 50.70 0 LE-3D/5 PASSEQ
GRA1 11.22 49.69 500 STS-1 BGR
GRA2 11.36 49.66 515 STS-1 BGR
GRA3 11.32 49.76 452 STS-1 BGR
GRA4 11.44 49.57 502 STS-1 BGR
GRB1 11.65 49.39 502 STS-1 BGR
GRB2 11.67 49.27 547 STS-1 BGR
GRB4 11.56 49.47 510 STS-1 BGR
GRDH 12.25 50.24 750 L-4C-3D GFZ
GUN 12.33 50.36 410 TSJ-10 SZGRF
GUNZ 12.33 50.36 669 LE-3D/5 Saxonia Seismic Network
HKWD 12.26 50.83 317 STS2 Thuringian Seismic Network
HOR 12.48 50.18 518 LE-3D WEBNET
HRC 12.54 50.19 550 LE-3D WEBNET
JAC 12.91 50.37 745 CMG-40T/30 PASSEQ
JIND 12.62 50.26 722 WDS 200 KRASNET
KAC 12.52 50.14 524 SM3 WEBNET
KAPB 12.30 50.19 720 L-4C-3D GFZ
KLIN 12.49 50.37 520 L-4C-3D SZGRF
KOC 12.23 50.27 575 SM-3 WEBNET
KRC 12.53 50.33 760 SM-3 WEBNET
KVC 12.52 50.21 580 SM-3 WEBNET
KVE 12.52 50.21 550 LE-3D WEBNET
LAC 12.62 50.05 838 SM-3 WEBNET
LAC2 12.62 50.05 838 STS-2 BOHEMA
LBC 12.41 50.27 638 SM-3 WEBNET
LUBY 12.35 50.26 860 WDS 200 KRASNET
MANZ 12.10 49.99 635 STS-2 Bayernnetz
MGBB 12.21 49.97 650 LE-3D/1s Bayernnetz
MHAI 12.17 50.02 550 LE-3D/1s Bayernnetz
STATION INFORMATION TABLE
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Station Lon (°) Lon (°) Elv (m) Sensor Institution
MKON 12.23 50.02 614 LE-3D/1s Bayernnetz
MROB 12.17 50.08 570 LE-3D/1s Bayernnetz
MSBB 11.97 50.03 622 LE-3D/1s Bayernnetz
MZEK 11.94 49.96 627 LE-3D/1s Bayernnetz
NALB 12.46 49.98 623 STS2 SZGRF
NKC 12.45 50.23 564 SM3 WEBNET
OLV 12.57 50.25 540 LE-3D WEBNET
OTR 12.14 50.35 510 L4-3D BOHEMA
P01G 12.26 50.25 646 LE-3D/5s U. Potsdam
P02G 12.40 50.32 630 LE-3D/5s U. Potsdam
P04G 12.30 50.19 720 LE-3D/5s U. Potsdam
P05G 12.31 50.24 800 LE-3D/5s U. Potsdam
P06G 12.26 50.25 646 LE-3D/5s U. Potsdam
P08G 12.30 50.23 596 LE-3D/5s U. Potsdam
P09G 12.30 50.19 628 LE-3D/5s U. Potsdam
P10G 12.30 50.23 596 LE-3D/5s U. Potsdam
P11G 12.33 50.27 800 LE-3D/5s U. Potsdam
P13G 12.47 50.41 855 LE-3D/5s U. Potsdam
PA07 12.33 50.10 480 CMG-40T/30 PASSEQ
PC26 12.84 50.09 547 STS-2 PASSEQ
PD22 12.93 49.86 499 LE-3D/1s PASSEQ
PLN 12.16 50.49 414 CMG3ESP Thuringian Seismic Network
POC 12.43 50.32 790 SM3 WEBNET
POCA 12.44 50.32 800 WDS 200 KRASNET
REGN 12.06 50.31 570 CMG-3ESP BOHEMA
ROTZ 12.20 49.77 430 STS-2 Bayernnetz
SBG 12.31 50.18 595 TSJ10 SZGRF
SCHD 11.21 50.54 761 CMG40T Thuringian Seismic Network
SELB 12.18 50.15 580 TSJ10 SZGRF
SKC 12.36 50.17 455 SM3 WEBNET
SNE 12.50 50.31 702 SM3 WEBNET
STC 12.52 50.26 666 SM3 WEBNET
TANN 12.46 50.42 836 STS2 Saxonia Seismic Network
TAUT 11.71 50.98 330 LE-3D/5 Thuringian Seismic Network
TIS 12.51 50.35 650 LE-3D WEBNET
TRC 12.15 50.30 566 LE-3D WEBNET
VAC 12.37 50.24 530 SM-3 WEBNET
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Station Lon (°) Lon (°) Elv (m) Sensor Institution
VACK 12.47 50.14 450 WDS 200 KRASNET
VIEL 12.10 50.19 670 LE-3D/1 Bayernnetz
WDRB 12.41 50.73 0 LE-3D/5 PASSEQ
WERD 12.31 50.45 589 LE-3D/5 Saxonia Seismic Network
WERN 12.38 50.29 672 LE-3D/5 Saxonia Seismic Network
WET 12.88 49.15 613 STS2 BGR
WEBG 12.47 50.41 480 LE-3D/5 GFZ
ZHC 12.31 50.07 631 SM3 WEBNET
Appendix. B
Results of the graded inversion 
The starting models for the tomographic inversion was constructed following the
recommendations given by Evans  et  al. (1994)  which involves using successively
finer parameterizations of the velocity model. The initial P-wave velocity model and
initial earthquake locations were based on the optimum 1-D model inversion. For
the initial Vp/Vs model a uniform value of 1.70 was used. all inversion used the
same depth nodes with 3 km spacing.
Here I explain results of 5 successive inversions from the coarsest with 20 km grid
spacing to the finest/final horizontal grid node spacing (4 km) that was shown in
chapter 4. The velocity model from the coarse inversion is linearly interpolated onto
the new finer grid of nodes.
Selection of damping parameters, RMS reduction at each iteration as well as the
resolution test, Vp and Vp/Vs tomograms from coarsest grid node spacing (20x20x3)
to (6x6x3),  with middle steps of  (15x15x3),  (10x10x3)  and (8x8x3),  are shown in
Figures B.1 to B.30. 
Following is a short description of the spacing and figures for each run.
Figs. B.1, B.7, B.13, B.19 and B.25 show damping parameters for the Vp and Vp/Vs
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inversion  for  (20x20x3),  (15x15x3),  (10x10x3),  (8x8x3)  and  (6x6x3)  grid  spacing
respectively.
Figs. B.2,  B.8, B.14,  B.20 and B.26 show RMS reduction after final iteration for
(20x20x3), (15x15x3), (10x10x3), (8x8x3) and (6x6x3) grid spacing respectively.
Figs. B.3,  B.9, B.15,  B.21 and B.27 show map view of spread values for Vp and
Vp/Vs  for  (20x20x3),  (15x15x3),  (10x10x3),  (8x8x3)  and  (6x6x3)  grid  spacing
respectively.
Figs. B.4, B.10, B.16, B.22 and B.28 show vertical views of spread values for Vp and
Vp/Vs  for  (20x20x3),  (15x15x3),  (10x10x3),  (8x8x3)  and  (6x6x3)  grid  spacing
respectively.
Figs. B.5, B.11, B.17, B.23 and B.29 show map views of tomographic results for Vp
and Vp/Vs for  (20x20x3),  (15x15x3),  (10x10x3),  (8x8x3)  and (6x6x3)  grid spacing
respectively.
Figs. B.7, B.12, B.18, B.24 and B.30 show vertical views of tomographic results for
Vp and Vp/Vs for (20x20x3), (15x15x3), (10x10x3), (8x8x3) and (6x6x3) grid spacing
respectively.
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Results for 20 x 20 x 3 km grid node spacing
Fig. B.1 :  Damping trade-off curve for the Vp and Vp/Vs inversion. In this case
damping value of 1000 for Vp and 2000 for Vp/Vs is selected.
Fig. B.2 : RMS reduction after 5 time iterations.
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Fig.  B.3  : Map  views  showing  SF  values  to  illustrate  the  resolution  of  the
tomographic models for Vp. The location of the vertical sections is indicated within
the map views.. Tiny crosses indicate the model nodes.
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Fig. B.4 : Vertical SF values for the Vp (left) and Vp/Vs (right) model along the
cross-sections A - D.
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Fig. B.5 :  Map view of Vp and Vp/Vs distribution at 2.5 km, 5.5 km, 8.5 km and
11.5 km depth.
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Fig. B.6 : Vertical sections showing Vp and Vp/Vs distributions along profiles A, B,
C and D.
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Results for 15 x 15 x 3 km grid node spacing
Fig. B.7 :  Damping trade-off curve for the Vp and Vp/Vs inversion. In this case
damping value of 400 for Vp and 500 for Vp/Vs is selected.
Fig. B.8 :  RMS reduction after 5 time iterations.
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Fig.  B.9  :  Map  views  showing  SF  values  to  illustrate  the  resolution  of  the
tomographic models for Vp (left) and Vp/Vs (right).
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Fig. B.10 : Vertical SF values for the Vp (left) and Vp/Vs (right) model along the
cross-sections A - D.
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RESULTS OF THE GRADED INVERSION
Fig. B.11 : Map view of Vp and Vp/Vs distribution at 2.5 km, 5.5 km, 8.5 km and
11.5 km depth.
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Fig. B.12 : Vertical sections showing Vp and Vp/Vs distributions along profiles A,
B, C and D.
154
RESULTS OF THE GRADED INVERSION
Results for 10 x 10 x 3 km grid node spacing
Fig. B.13 : Damping trade-off curve for the Vp and Vp/Vs inversion. In this case
damping value of 500 for Vp and 200 for Vp/Vs is selected.
Fig. B.14 : RMS reduction after 8 time iterations.
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Fig.  B.15  :  Map  views  showing  SF  values  to  illustrate  the  resolution  of  the
tomographic models for Vp and Vp/Vs.
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Fig. B.16 :  Vertical SF values for the Vp (left) and Vp/Vs (right) model along the
cross-sections A – D.
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Fig. B.17 : Map view of Vp and Vp/Vs distribution at 2.5 km, 5.5 km, 8.5 km and
11.5 km depth.
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B.18 : Vertical sections showing Vp and Vp/Vs distributions along profiles A, B, C
and D.
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Results for 8 x 8 x 3 km grid node spacing
Fig. B.19 :  Damping trade-off curve for the Vp and Vp/Vs inversion. In this case
damping value of 200 for Vp and 200 for Vp/Vs is selected.
Fig. B.20 : RMS reduction after 8 time iterations.
160
RESULTS OF THE GRADED INVERSION
Fig.  B.21  :   Map  views  showing  SF  values  to  illustrate  the  resolution  of  the
tomographic models for Vp and Vp/Vs.
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Fig. B.22 :  Vertical SF values for the Vp (left) and Vp/Vs (right) model along the
cross-sections A – D.
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RESULTS OF THE GRADED INVERSION
Fig. B.23 : Map view of Vp and Vp/Vs distribution at 2.5 km, 5.5 km, 8.5 km and
11.5 km depth.
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B.24 : Vertical sections showing Vp and Vp/Vs distributions along profiles A, B, C
and D.
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Results for 6 x 6 x 3 km grid node spacing
Fig. B.25 :  Damping trade-off curve for the Vp and Vp/Vs inversion. In this case
damping value of 100 for Vp and 200 for Vp/Vs is selected.
Fig. B.26 : RMS reduction after 10 time iterations.
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Fig.  B.27  : Map  views  showing  SF  values  to  illustrate  the  resolution  of  the
tomographic models for Vp and Vp/Vs.
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Fig. B.28 :  Vertical SF values for the Vp (left) and Vp/Vs (right) model along the
cross-sections A – D.
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Fig. B.29 : Map view of Vp and Vp/Vs distribution at 2.5 km, 5.5 km, 8.5 km and
11.5 km depth.
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Fig. B.30 : Vertical sections showing Vp and Vp/Vs distributions along profiles A,
B, C and D.
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